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No w adays, che mical industry lS es s e ntialto m ode mliving of hu m a nbeings
be cau s eit s upplie s vario u sprodu cts to o u rlifethr o ugh m a ny otherindu stries･ The
tr a n sfo r m atio n ofthe chemic alr e s ou r c esinto v ario u s c o mpo u ndsis the e ss en ces of
chemical industrie s. The che mic al indu stry has be e n e mployed fo ssilfu els s u ch as
c o al, petr ole u m, a nd n atu r algas asthe re s o u r cesforthepr odu ctio n ofs e v er alche mical
c o mpo u nds･ Fo r e xample,the mixtu r e ofC Oa nd H2' Whichc a nbe obtain edby pa rtial
o xidatio n of c o al a nd m etha ne, is an impo rta nt r a w material 払r the pr odu ctio n of
m ethan ol[1-5], aldehyde s via hydroformylatio n of olefin s[1,6], a nd hydr o c arbo n s
in cluding ga
.
solin e a nd die s el fu els via Fis cheトTr ops ch pr o c e s s【1,7,8】･ 01efhs,
alc ohols
,
ar o m atic s a s wella s synthesisgas ar eba sic r a w mate rialsfo rthe c o n v e rsio n of
che mic alc o mpo u ndsinto v ariable o nes[1]･ T he applic atio n ofthe chemic alr e s o ur c e s
deriv ed fr o mpetroleu m a nd n atu ral gas, how e v e r, will belimited be cau s eoftheir
exha u stio n.
Ther efo r e
,
thetr a n sform atio n ofthe r e n e w able a ndr e cyclable r es o u r ce shasan
attr a ctiv eatte ntio n. Ethan ol de riv ed fr o mfe r m e ntatio n, n a m elybio etha n ol, is o n e of
thepote ntialre s our c e s･ Re c e ntly'the c o uplingofetha n olinto1
-buta n ol w aspr e s e nted
o v er alkali- m odified ze olite [9], MgO [10] and c alciu m pho sphate [11]･ In o tlr
labo r atory,the effe ctiv etr a n sform atio n ofetha n olinto ethyla c etate o v erhete r oge
n e o u s
cu c atalyst viadehydroge n ativ e c ouplingre a ction w a sin v e stiga
ted[12-14]･
Thedehydr atio n a nd dehydr oge n atio n of alc ohols gi v e C Orr e SPO
nding olefhs
a nd c arbonyl c o mpo u nds, r e spe ctiv ely, a nd are als oimpo r
ta nt re a ctio n sin o rga nic
synthe sis･ Diols, which ha v etw oO Hgr o ups withinits m ole c ule, hav ebe e nwidely
u s edinthefield ofo rganic andpolym e r che mistry･ Ho w e ver, the simpledehydratio n
a nd debydr oge n atio n of diolsha ve bee n r a relyin v e stigated, whilethedehydr oge n atio n
of 1,4-buta n ediol o v e rCu-ba s ed catalyst hasbe en alre adyindustrializ ed to pr odu c e
y-butyr ola cto n e[1]. This re actio n, ho w e ver, has n ot been de eply studied fr o mthe
m echa nistic vie wpoint;the e触 cts of c atalyst c o mpo n e nt a nd reactio npatbw ay 血o m
the r e a ctant to the pr odu cts･ T he dehydratio nof 1,3
-diolsis re c e ntlyin v e stigated in
o u rlabo r ato ry, and itis effe ctivefo rthe pr odu ction ofu n satur ated alc ohols u slng CeO2
c atalyst[15,1 6]. Ho weve r, the reas o n why CeO2 is the efficie nt c atalyst forthe
dehydratio n of 1,3- diols is n ot clarified･ Itis e ss e ntial fo rthe impr o v e m e nt ofthe
catalyticperfo rm a n c eto clarifythe rea ctio n m e chanis minthe dehydr atio n of1,3
-diols
o v e rCeO2 C atalyst.
i.2 Synthe sis ofy-butyr ola cto n efro m1)4
1bⅦta ndiol
1.2.1 Thepr odu ction ofl,4-buta n edio1
1,4- Buta n ediol血as be e npr o血 c ed by the r e a ctio n betw e e nac etyle n eand
fo r maldehyde, n a m ely Reppe pr o c es s(Sche m eI一l)･ In this pr o c e s■s, a c etyle ne r e a cts
with fo r maldehyde at 100
-110
o
C and O･5-2 M Pa to pr odu c e2
-butyn-1,4-diol･ T he
pr odu c ed diol is hydr oge n ated u nder high pr e ssur e at 20
-30 M Pa to pr odu c e
1
,
4-buta n ediol[1】. The use of e xpe n siv e a cetylen eandtight re a ction c o ndit o n s are
thedisadvantages of Reppepr o ce s s･
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Sche m e1.1 1,4- Buta n ediolpr odu ction viaReppepro c es s
T he pr odu ctio n of 1,4-buta n edioi by the hydr oge n atio n of m aleic a nhydride,
s o-calledKv a e r n erpr o c e ss,i als oco m m er cialized(Sche m el･2)[1]･ Thispr o c e s shas
be e nfo c u s ed o n du eto the le s sexpe n siv e m aleic a nhydride. Maleic a nhydri de,
ho w e v er, is pr odu c ed by partial o xidatio n of benz e n e, bute n es and ”
-buta n e[1], a nd
c omplete o xidatio n ofthe r e a cta ntinto C O2isin e vitable･ The C O2 emissionis n ot
pr efe r ableinthe vie w ofgre e n che mistrybe c a u s e of itshighgre e nho u se effe ct[1 7],
whichisthedis adv a ntage oftheKva er n erpr o c e s s･
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sche m e1.2 Reactionpathw ayfr o m maleic a nhydridetoI,4- buta n ediol(Kvae m er)
Re c e ntly, ho w e ve r, bra nd- n e wpr o c e s sfor 1,4
-buta n ediol produ ctio n w a s
indu strializ ed by Mits ubishiC hemic al Col Ltd” Japan [1,1 8]･ In the pro c e ss,
1,3･butadie n e a nd a c etic a cidar e e mployed as a r es o u r c e, a nd 1,4
-buta n ediolis
synthe siz edthr oughthefollo w i ngS equ e n c e;a C etO Xylatio nofbutadie n e at70
o
C and 70
bar o v erP d/C catalyst m odified with Te,hydr oge natio n at50
o
C a nd 50bar o v e rP d/C,
a nd hydr atio n o n a cidicio n e x cha ngedresin(Sche m el･3)I
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sche me 1.3 1,4-Buta n ediol production via proc essdev eloped by M its ubishi Chemical
Corpo r atio n
The applic atio n of 1,4-buta n ediol is su m m a riz ed in Table Il [1]･
1
,
4- Buta n ediolis mainly us ed as a raw m aterial fo rT H F in USA a nd Weste r nEu r ope･
In Japa n, ho w e v e r, itis tlS ed forthe pr odu ction of pla stic s s u ch as polybutylene
te r ephthalate (PB T). Her e, the pr odu ctio n c ap city of 1,4-buta n ediol by prim e
che mic al firm sis listed in Table l･1･ T he Reppe pr o c e ssi stillthe predo min a nt
m ethod fo rthepr odu ctio n of 1,4-butanediolinthe w orld･
1.2.2 Synthesis ofy-butyrola cto n e
y- Butyr ola cto n eis a nimpo rta ntco mpou nd be cau s e ofits u s e as s olv e nt a ndthe
inte m ediate of 2-p yrr olido n e･ In 1996, abo ut 6000to n e s of y
-butyr ola cto n e ar e
pr oduc edinJapa n[1]. In theindu strialpr o c e ss es, y-butyr ola cto n eis synthe siz ed via
tw o r o utes; o n eisthebydr oge n atio n of m aleic anhydride(Schem e l･2)and an otheris
仙 e debydr oge n atio n of 1,4
-buta n ediol (Sche m el･4)･ In the fわr mer pr o c e ss,
y-butyr ola cto n eis obtain ed a s the inte r m ediate of the hydr oge n atio n of m aleic
anbydride into 1,4-buta n ediol, a s m e ntio n ed in the pr e vio u s s e ction･ The
hydr ogenation･of y-btltyr Ola cto n einto 1,4
-butan ediol
,
ho w e v e r
,
r equir e shigh
te mpe r atu r e at25 0
oC a ndpr es stlr eat10M Pa[1]･
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Sche m e1.4 Re a ctio n of 1,4-butanedioltoy-butyrola cton e
T helatterpr o c e s sis c ar ried out u nde r mild co ndition s a nd isgre e n e rtha nthe
fo r m er o n ebe c a u s e ofthelarge am o u nt of C O2 e mis sio nin the form e rpr o c e s s, as
m e ntio n ed pr e vio u sly･ T hu s, it is co nside red that the dehydr ogen atio n of
1,4-buta n ediol into ”-butyr ola cto n eis the pr o m lS lng Pr O C eS S･ In the heter oge n e o u s
syste m, c opper-ba s ed c atalysts are us uauyemployed fo rthepr o c e ss.
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1.3.1 Dehydroge n ation oil,3 Jutan ediolo v e r metalcatalysts
I
Cu-bas ed c atalysts have high dehydr oge natio n a nd hydr oge n atio n ability･ In
thedehydr ogenatio n of1,2-diols o verCu -based catalysts, dehydr oge n atio n at2-po sitio n
O Hgroup preferably proceeded andpr odu c ed針ketoalc ohols, where asthatat1-po sitio n
OH gr o up hardly pr o c e ed d [1 9]･ Fo r e x a mple, 1,2-butandiol is s ele ctiv ely
dehydr ogenated ove r Cu-based c atalyst to pr odu c e1-hydr o xy-2
-butan o n e with its
s ele ctivityof 98.1 m ol% at the c o nv e rsio n of50･0%(Sche m el･5)[1 9]･
)こ/ ｡ H
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Sche m e1.5 Rea ctio n of 1,2-butan ediolto1-hydro xy-2-butan o n e
Inthedehydrogenation of 1,3-buta n ediol, the s ele ctiv edehydr oge n atio n of O H
gr o up at3-positio n of1,3-buta n ediolpr odu c e s4
-hydr o xy-2-buta n o n e, which is u s ed a s
a n inte r m ediate fo r the pr odu ctio n of 3-buten
-2- o n e･ 4- Hydr o xy-2-buta n o n eis
m a n ufa ctu r ed bythe aldolr ea ctio n ofpr opa n o n e a nd fo r mal dehyde[20,21]･ Be c a u s e
of the in stability a nd to xicity of for maldehyde, a n other pr o c es sto pr odu c e
4-hydr oxy12-butan oe is expe cted･ The s ele ctive dehydr oge n atio n of 1,3
-buta n ediol
into 4-hydr o xy-2
-buta n o n eis apote ntialpr o c e s sto takethepla c e ofthe pr es e nt o ne･
In o u rlabor atory, the dehydr oge nation of 1,3
-butan ediolo v erCu･ba sed c atalysts w a s
c aried o ut【22]. Table 1 3sho w sthe re a ctio nresults of 1,3-buta n ediolo v er s e v er al
cu-bas ed c atalysts. T he c atalysts with highsu rfa c e a re a s u ch as Cu/Al203 and
cu/zro2 e xhibit high a ctivity･ The s ele ctivityto 4-hydr o xy-2-buta n o n e, ho w ever, is
quite lo w du eto the la rge am ou nt ofpr o血 ctio n of buta n o n e･ Butan o n e w o uld be
pr odu c ed via dehydr atio n of 4
-hydr o xy-2-buta n o n eto 3-bute n-2- o n e) which is
c o n s e c utiv ely hydr oge n ated into buta n o n e･ Propa n o ne w o uldbe fo r m ed by the
de c o mpo sitio n ofa c etaldol, which ispr odu c ed bythe dehydr oge n atio n of OH gr o up at
1-po sitio nin 1,3-buta n ediol･ T he side r e a ctio npr efer shigh re a ctio nte mper atu r e as
300
o
C･ The pr obable r e a ctio n pathway fr om 1,3
-buta n ediol to pr odu cts is
s u m m ariz edin Sche m e1.6. The 4-hydr o xy-2-buta n o ne s ele ctivityis high o ve rthe
c atalyst withlo w s u rfa ce ar e a s u ch asCu, Cu/ZnO and N-211, whilethey sho wlo w
a ctivity･ Fig･ 1･1 sho w sthe relatio nbetw e e n1,3
-buta n ediol c o n v e rsio n a nd the
selectivity to 4-hydr o xy-2-buta n o n e a nd buta n o n e･ The s electivity to
4-hydr o xy-2･buta n o ne de c r e a sl ng with in cre a si ng the c o n v ersio n, while that to
buta n o n ede cre as e swithit. This result s uppo rts that buta n o n eis pr odu c ed via the
c o n s e c utiセe r e a ctio n of 4-hydr o xy2-butan o ne. At this point, it s e e m sto be still
diffic ulttopr odu c e4-hydr o xy-2-buta n o n efr o m1,3-buta n ediolo v e rCu
-based c atalyst･
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schem e 1.6 Pr obable reaction pathwayfr o m1,3-buta n ediolto produ ct ov erCu -ba sed
c atalyst
1.3.2 Dehydr ation of4-hydroxy-2-buta non einto3-buten-2- on e
3- Bute n-2- o n eis an inte r m ediate of stemi ds, te rpe n oids, m edical dr ags a nd
pe sticide s a ndthu sis a nimporta ntc o mpo u nd inindu strialchemistry･
3- Bute n-2-o n eha sbee npr oduc ed fr o m4-hydr o xy
-2-buta n o n ewith aqu e o u s
a cidc atalysts s u cha s s ulfu ric a cida ndpho sphoric acid. The s eho m oge n e o u s c atalysts
n e edto be r e m o v edfr o mpr oducts by ne utr aliz atio n with ba s e afterthe r e a ctio n, a nd
pr odu ctio n ofla rge a m o u nt ofs olid wa steisin e vitable･ Fr o mthe vie wpoint ofgr e e n
che mistry, the pr odu ction of by-pr odu cts sho uld be redu c ed[17]･ Heter oge n e o u s
c atalystsha v e a n adv a ntageinthepr oble m :the s eparatio n ofpr odu ctsfr o mc atalystis
e a sya ndthe r eis n oneedto ne utraliz etheheter oge n e o u s c atalyst･
1.3.3 Dehydr atio noil,3-butan ediolover metalo xide c atalysts
l
,
3- Buta n ediolispr odu c ed via aldolre actio n ofa cetaldehyde
lfolo w ed bythe
hydroge n atio n ofthepr odu c eda c etaldol[1]･ 1,3- Buta n ediolis widelyappliedas a r a w
m aterial of plastics, s olv e nt, elasticiz er, hu m e cta nt a nd s o o n･ The r ea ctio n of
1
,
3-buta n ediol fo rthe synthe sis of o rga nic co mpo u ndsis r a relyin v e stigated･ In o u r
labo rato ry,it w a sfo u ndthatCeO2 C atalyzed 1,3･ diolsinto u n s atu r ated alc oholat3 25
o
C
,
while1
,
3-diols withsubstitu e ntat2-po sitio nareles s r e a ctiv e(Schem el･7)[16]･ The
r e a ctio n of diols o v erCeO2islisted in Table1.4.
As hasbe e nin v e stigated, othe r m etal c atalysts with high a ciditya nd basicity
a re n otgo od c atalystforthe s ele ctiv edehydr atio n of 1,3
-diolsbe c a u s ethey c atalyz edit
into gas e o u spr odu cts, m ainly dienes, a nd catalysts with m oderate a cid
-ba s epr ope rty
a nd lantha nide o xide s othe rtha nCeO2 ar･einactiv efo r1,3-buta n ediol[15]･ Howe v e r,
the r elatio nbetw e e nthe catalyticperfo r m a n c e a nd its a cid
-bas epr ope rty w as n otde eply
studied.
The re a ctio n me cha nis m a nd activ e site ofthe rea ctio n of 1,3-diols was n otals o
inv e stigated･ Itis spe culatedthat the re a ctio npr o c e eds with r edo x m e chanis m, a nd
redo xpr ope rty of CeO2 w ouldplay an importa nt r oll in the c atalysis :initialy, the
2-po sitio nH is abstr a cted a s radical by Ce
4＋
and H radicaldo nates o n e el ctr o nto
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Sche m e1.7 Re actio n of diols o v erCeO2
r edu c eCe4
＋
to ce
3＋
a nd H its elf is o xidiz edto pr oto n, folow ed bythe abstr a ctio n of
o n e of O Hgr o upfr o m1,3-diolstogiv eu n s atu r ated alc ohols[16,23]･
i.4 Co n stitutio n ofthisthe sis
ln the follo w i ng Chapte rs, the r e a ctio n of diols o v erheter ogeneous c atalysts
●
willbe disc u ss ed. In the dehydratio n of 1,4-butanediol o v erCu -ba s ed c atalyst, the
study o nthe c opperlo ading, effe ct of supports on c atalytic perfo r m a n c e, a nd r e a ctio n
●
pathw ayfr om 1,4
-buta n ediolto y-butyr ola cto n ehas n otbe e n clarified yet･ Thu s, 1n
Chapte r 2, the dehydr oge natio n of 1,4
-buta nediol into y-butyr ola cto n e o v e r
c oppe r-ba s ed catalystisin v e stigated･ T he effe ctofthe c atalystc o mpo n e nto n c atlytic
perfo r ma n c e a ndthe r e a ctio npathw ayfr o m1,4
-buta n ediolto y-butyr ola cto ne will be
dis cuss ed.
In Chapte r3, the dehydration of4･hydorxy-2-butanone, which c anbe obtain ed
bydehydr atio n of 1,3･butanediol,into3-bute n-2- o neisin v estigated. The optimiz atio n
ofc atalystfo rthe re a ctio n a ndr eactio n c o nditio n s, a nd a cidpr opertyofthe c atalyst that
plays a c ru cialr ollin c atalysis wi ll bedis c u s s ed.
In C hapte r4, thedehydr atio n of 1,3-butan ediolo v e r m etal･o xide c atalysts with
differ e nt a cid a ndbas epr ope rtyisin vestigatedto clarifythe effe ct of it oln C atlysis･
T he c o rr elatio nbetw e e nthe pr operty of catalysts a nd pr odu ct distributio n will be
dis c u s s ed.
ln Chapter 5, the re a ctio n of 1,3-butanediol o v er CeO2 C atalyst wil be
discu s sed. Prelimin arily, qu a ntu m c alc ulatio n ba s ed o nP airedInte r a ctiv e Orbital
theo ry w a s e mployedto pr o v ethe re a ctio n mecha nis m withthe a ss u m ed ads o rptio n
str u ctu re o n o xyge n-defe ct site of CeO2(111)s u rfac e, a nd it w a sdbs e rv ed that the
r epulsiv e o v e rlap of o rbitals betw e e nC a nd H ato m sat 2
-po sitio nindu cedbythe
inter a ctio nbetw e e nCe c atio n a nd H ato m at 2-positio n[23]. Ho w e v er, the abo v e
r e s ulthas s o m edis adv a ntage s
･
. the adsorptio n m odel employed inthe c alctLlatio n w as
o nly
u
as s u m edH o n e) and it is n ot clea r that r ea ctio n a ctu ally pr o c e eds at the
o xyge n-defectsite of CeO2(111)surfa c e. Consideringtheis suesm e ntio n edabo v e, the
a ctiv e site of 1,3-butanediol dehydr atio n, ads o rptio n structu rebf1,3
-butan ediol o n
ceo2 S u rfa c e a nd r e a ctio n m e chamism of 1,3-buta n ediol into u n s atu r ated alc ohols will
bedis c u s s ed.
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Tablel･1 Applic atio n of 1,4-butan ediol
Pr odu cts
a
(%) Totalus e
Ar e a Ye ar T H F A C P B T P U Others /1000to n e s
US A 1 994 51 20 20 6 3 289
2000 36 18 32 12 2 640
We ste r nEur ope 1 92 35 16 20 23 6 104
Japan
1 97 36 15 24 20 5 140
1991 12 66 16 6 38
1 997 28 55 4 13 67
a The abbreviatio n ofthepr oducts a r e a sfollo w s;T H F:tetr ahydr ofu r a n, A C: a c etyle n e
che lnic als(vi叩1e ste rs, ethe rs, buta n o n e a nd s oon), P B T:polybutylene tetrepbtbalate,
P U:polyu r ethan e･
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Table1.2 T heprodu ctio n c apa cityof 1,4-butan ediolin199
a
Ar e a Pr oduc er Capacity Method
/to n e sye ar
-1
Asia
(Japa n) M itsubisbi C he mic al
B A S F/Ide mits u
Tbn e nChe mic al
(Ko re a) S bin w a
(Taiw a n) Daire n
U S A IS P
DuPo nt
B A S ど
Eur o 迅ASど
50
,
000 M its ubishi C he mic al
25
,
000 Reppe
30
,
000 Kv a e r n e r
20
,
000 Kv ae r n er
30,000 0Ⅹo
b
35,0 00 Reppe
110
,
00 Reppe
1 25
,
000 Reppe
160,000 Reppe
ISP 90,000 Reppe
a
Data cited fr o mRef.[18].
b Methodbythebydr ofbr mylatio n ofallylalc obol･
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Table1 3 Re a ctio n of 1
,
3-buta n ediolo v e rCu-ba s ed catalysts
a
catalyst
b S ABE T
C , s Ac且
d co nv ･ selectivity
e
/m ol%
/m
2
g
-1
/m
2
g
-1
/% H B M E K AcH AcM e
Cu 1.2
Cu/ZnO 5.5
Cu/A 1203 113.6
Cu/ZrO2 53.8
N- 211 38.0
1.2 40.8 55.9 6.1 2.7 17.8
5.6 6 6.3 55.5 1 9. 1.7 9.2
39.5 98.4 2.6 51.5 3.6 15.
16.7 99.4 7.1 50.1 3.9 1 9.6
77.7 51.4 24.8 3.8 7.6
a T he re a ctio n c o ndit o n s ar e a sfollo w s; c atalyst w eight:0.100 g, 1,3-buta n ediol fe ed
r ate:1.8 cm
3
打
1
,
c arriergas no w rate(He):30cm
3
min
‾1
, re a ctio nte mperature :240
oC.
Prio rtothe re a ctio n
,
the c atalysts ar e r edu c edin H2flo w at300
o
C fo r1 h･
b Allthe s a mple sex c eptfb∫ N -211ar eprepared byc o-pre cipitatio n m etbod･ T he r atio
of Cu to s uppo rtisfix ed at3 in m olarin allthe s a mples. N -211 is c o m m e rcially
a v ailable c atalysts upplied byN ikkiChe mic alCo., u d･ who se co mpo sitio nis Cu :ZnO
≡ 49.3:45.1 in w eight.
c
Spe cific surfac e a r ea･
a
copper s u rfa c eare a･
a T he abbre viatio n ofthe pr oducts ar easfollo w s;H B:4-hydr o xy-2-butan o n e, M E K:
butan o n e
,
AcH: a c etaldehyde, AcMe, pr opa n o n e.
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Fig･ 1･1 Relatio nbetw e e n1,3-buta n ediolco n v ersio n a nd sele ctivities at
240 oC. T he re action w a s carriedollt u nde r s e v er alcondito n sin orde rto
cha nge the c o n version. T he s ele ctivity to (○)4-hydroxy-2-buta n o ne,
(㊨)buta none.
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c oppe訂-bas e姐c a息a且ys息
2.且 耳n息rodⅦct畳o n
ln Se ctio n1.2･2
,
the adv a ntage s ofy-butyrola cto n e(he r e afte r abbr e viated a s
G B L)produ ctio n viathedehydr oge n atio n of 1,4-buta n ediol(1,4- B D O)ar e m e ntio n ed,
c o mpa red to the s u c c es siv e hydr oge n atio n of m aleic a nhydride; mi ldr e a ctio n
conditions andlo w-levele mis sio n of C O2. In thehydroge nation of m aleic a nhydride
into G B L
,
thr e e m ole s of hydr oge n m ole c ule s ar e n e c e s s aryl n O rde rto pr odu c eone
●
m ole of G B L(Sche m e2 in C hapter1), a nd the r e a ctio nis c arried o ut u nder
high-pres s ure condition. Inthispr o ce s s, m etal-ba s ed c atalysts s u ch asCu, P da nd Ru
a r e e mployed[1-6].
Both ho m oge n e o u s[7-9]andheter oge neo u s catalysts[10-13]are u s ed fo rthe
dehydr oge n atio n of 1,4-B D O into G B L･ In the heter oge n e o u s syste m, Cu
-bas ed
c atalysts are m ainly e mployed[10-13]･ Howe v er, the effe cts ofthe m etal-o xide
additv e s o n c atalyticpe rfo rm a n c e a ndr ea ctio npathw ayfr o m1,4
- B D O to G B L ha v e
notbe en clarifiedyet.
Ther efo re, in this chapte r, the effe cts of additv e s of c op per
-ba s ed c atalyst
s u ch a sZnO
,
ZrO2, a nd Al203 0 nthe catalytic a ctivityar edis c u s s ed, a ndthe r e a ctio n
pathw ay fr o m1,4- B DO to G B L is als oin v e stigated u si ng re a ctio n s of s e v e ral
s ubstr ate s s u ch astetrahydr ofu ra n(T H F), 2-hydr o xytetr ahydr ofur a n(2 H T H F), a nd
s u c cindialdehyde(S D A), whichar epo sibleinterm ediates･
L
17
2.2 丑Ⅹpe r畳m e n息a且
2.2.1 Catalystpr epa rdtion
catalyst sa mple s w erprepar ed by a c o n v e ntio n al c opr e cipitatio n m etbod･
Three m etalo xide s
,
ZnO, ZrO2 a nd Al203, W e re e mployedas additves･ Thedetailed
pr oc edur e w a sde s cribed elsewhe r e[1 4]･ Her e afte r, the c atalyst c ompo sitio n of
cuo: zno: zro2: Al203 = a: b: c :d w asabbre viated asA - abcd･ Fo r e x a mple, a
c atalyst n a m e of
㍑
A -6122
H
m e a n sits m olar r atio of CuO: ZnO:ZrO2:A 1203 = 6:1:2:
2. Table s2.1-2･3 list the physic alpr opertie s of spe cific s u rface ar e a and Cu m etal
s u rfac ear e a[14]. The details ofthe m e asur e m e nt of Cu s u rfa c e a re ais de scribed
els e wher e【15]･
2.2.2 Prepa rationpr ocedu re of2 H T H Fa nd S D A
2 H T H Fw a s synthesiz ed as referring[16,17]･ T hedetails a re a sfollo w s･ A
mixtu r e of 2,3-dihydr otetr ahydr ofur a n a ndthe fo u r
-fold v olu m e of O･1 m ol dm
-3
of
H CIs olutio n w ashe ated abo ut60
oC fo r1 hwithr eflu x-c o nden ser. He ating athigher
te mperatu re a nd lo nge r r e a ctio nperiod w ould lo w erthe yieldof 2 H T H Fpr obably
bec a u s e of ligo m eriz atio n･ Afte rthe r e a ctio n, the mixture w as c o oledto a mbie nt
te mper atu re a nd neutraliz ed with O･2 m ol dm
-3
of NaO Hsolutio n･ 2 H T H Fw a s
distiled u nde r r educ ed pr e s su r e a nd re m al n lng W ater Was r e m o v ed by drying over
anhydr o u sNa2S O4･ T hepurityof 2 H T H Fe x c eeded94 %in G C･
S D Aw as syn也e siz ed as m odifyingthe pr o c edure de s cribed in Ref･ 【1 8】:
2
,
5-dim etho xytetr ahydr ofu ran a nd the fo u r
-foldv olu m e of O･1 m ol dm
-3
of H CI
s olutio n were mix ed in aBask a nd heated at 95
oC for 3 hwith renu x- c o nde n s e r.
T hen,the r e a ctio n mixtu re w as c o oledto a mbie nt temper ature a nd n e utr alized with O･2
m ol dm
-3
of NaO Hs olutio n, follo wed by distillatio n u nde r r edu cedpr e ss u re･ Sin ce
18
ヽhigh co n c e ntrated S D As olutio n w a s s olidified, S D Aw a s c olle cted bydistillatio nin
aque ou s s olutio n atlo w c o n c e ntr atio n. T he c o n c e ntratio n of S D Ain 也e s olutio n w a s
21.O wt% .
2.2.3 Catalytic rea ction
The re a ctio n of 1
,
4- B D Oto GB Lw as pe rfor m ed in afix ed-bed do w n･no w
glas s r e a ctor at200-300
o
C u nde r atm o sphe ric pre s s u r ein He flo w of 30 c m
3
min
･1
･
prio rtothe rea ctio n, the c atalyst w a s r edu c edbyH2 at theno w rate of 3 0c m
3
min
-1
at
300
o
C for1 h. Afte rthe redu ctio n
,
the c atalyst bed w as c o oledtbthe r e a ctio n
tempe ratu r e, a ndthe c a rrie rga s wa s s witched to He. The e組u e nt w a s c olle cted
periodic allyfo r5hat0
o
C, a nda n alyz ed byFID･GC(Shim adzu G C-8 A)usinga30- m
c apillary c olu m n of TC- W AX(G L Scie n c e, Japa n). No gas e o u sprodu cts e x c eptH2
w e redete cted during the re a ctio n with o n-lin eT C D
-GC. A typic al re a ctio n was
c arried out u nde rthe conditio n at240
oC a nd W!F - 0･083ghc m
-3
whe reW a nd yar e
c atalyst w eightandre a ctantfe edr ate, re spe ctiv ely･
The r e a ctio n s of 2 H T H Fand S D Ao v er sev er alcatalyst sample s w er e c a rried
o ut at240
o
C withthe s a m epr o c edu r edes cribed abo v e･ Eithe r2 H T H Fwith94%
purity o rS D A 21･O wt % solution w a sintrodu c ed o v e rthefr eshc atalystfo r1 h inthe
re actio n sbe c a u s e ofs m allqu a ntityofpr oduced 2 H T H Fa nd S D A･
2.3 Re s u旦ts
Table 2.1 su m m ariz e sthe effe cts of additv e s o nboth the physical a nd
c atalytic pr opertie s of c op per
-bas ed c ataly
'
sts･ Both specific s u rfa c e ar e a a nd Cu
s u rfa ce a r e ade cr e as e a sfollo wingorde r:A -301 > A
-3 010 > A-3100[1 4]･ Allthe
s a mple s w e re slightly dea ctiv ated during the imitial re a ctio nfor5 h･ T hu s, the
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c atalytic data w e r e a v e r ag ctivitybetwe e n0 a nd 5h･ Ov erA
-3001sa mple, fo r
e x a mple,the c o n v ersi6n df 1,4- B D Oa nds ele ctivityto G B Lintheinitialperiod fo r1 h
w as71.8 a nd 97･3 m ol%, r espe ctiv ely･ At thefin alperiod betw ee n4 a nd 5 h, they
de cr e asedto 63.3 a nd 96.1 m ol%, respe ctiv ely･ The c a u s e ofde a ctiv atio n w o uld be
the depositio n of c arbo n spe cies o nto the c atalyst s u rfa c e, be c a u s ethe deactivated
c atalyst r e c o veredits initial a ctivity afte rthe o xidizing tr e atm e nt at 500
o
C･ In
addito nto the m ajo rity of G B L, T H F, 2 H T H Fa nd s o m e u nidentifiedpr odu cts w er e
dete cted in efnu e nt. Ho w e v er, I shouldn otethat4-hydr o xybutanal andSD Aw e re
n otdetected within the dete ctio nlimit. GB Lw a sfo r m ede v e nin the r e a ctio n o ve r
A -30 00
,
which is pu re Cu witho ut additv e s･ As sho w nin Table 2･1, n o cle a r
c o rr elatio nbetw e e n c atalytic a ctivity a nd Cu s u rfa c e are aw as obseⅣ ed inthe binary
syste m･ overA -3001,the c o n v er sio n of 1,4
- BOO wa s n ots ohigh in spite of itshigh
s u rfa c e ar ea, and T H Fw as obs e rv ed withr elativ elyhighs ele ctivity･ A -3010sho w ed
the highest co n v ersio n of 1,4- B D Oa nd s ele ctivityto GB L in the bin a ry syste m s･
A -3100w a sle s s a ctiv etha nA-3000, and 2 H T H Fw as obs e rv ed with highsele ctivity･
Table 2.2 su m m ariz e sthe effects ofZnO a nd/o rZrO2 addedto A -3001o n
boththe physic al and catalyticpr opertie s･ Bothspecific s urfac e ar e a a nd Cu su 血 c e
are a wer e maintain edtheirhighvalu e s afterthe additio n of ZnO andZrO2tO A
-3 001･
It w a salso obs e rv edthat the additio nof ZnO a nd ZrO2in c re as edthe c o n v er sio n of
1
,
4- B D Oa nd itde cr e a s edthe s ele ctivityto T H Ftogethe rwith in cr easlng G B Lyield･
A -622 2, c o ntainingboth ZnO a nd ZrO2, Sho w ed simila r a ctivitytothat ofA
-602 2
,
whileA -61 2sho w ed m u ch bigberactivitythan A- 6222･
Table 2.3 s u m mariz esthe physic al a nd c atalytic pr ope rtie s of A
- x122(x =
o - 95). Spe cific s u rfa ce ar e ade cr e a s ed m o n ot nic ally with in cr e a sing the coppe r
c o ntent. cu conte nt didn ot affe ct Cu surfa c e ar e a ar o u nd 40m
2
g
-l
･ T H Fw a s
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s electively produ c ed at x = 0, whe rethe reis n o c oppe r. The pr odu ctio n of T H Y,
ho w e v er, dra stic allys uppres s ed at x = 1 a ndthe s ele ctivityto G E Lin c re as ed. T he
c atalytic a cti vity w as e nha n c ed with in cre as lng Cu c o nte nt, a ndthe highest c atalytic
●
a ctivity, 84.0 % 1,4- B D Oc o n v ersio n a nd97.7 m ol% G B Ls ele ctivity, w a s obtained at
x = 6(A -6122).
Figs･ 2.1 and 2.2 sho w cha nge sin the c o n ve rsion of 1,4- B D Oa nd in the
s ele ctivityto G B La nd 2 H T H F with ”/F o v e rA -6122at r e a ctio ntemper aturerange
betw e e n200 a nd 300
o
C
,
re spe ctiv ely･ At a ny r e a ctio nte mperatu re, the 1,4
･ B D O
c o n v ersio n a ndthe G B Lsele ctivityin cr e a s ed within cr e asing W/F v alu e, whilethe
2 H T H Fs electivityde cr e as ed. Fig. 2 3sho ws cha ngesinthe c o n v e rsio n of 1,4･ B D O
a ndthe s el ctivityto G E La nd 2 H T H Fwith W!F v alue over ales sa ctiv eA -3100at
240
o
C. It w a s c o nfir m edthathighsele ctivityto2 H T H F is attained atlo w1,4- B D O
c o n v e rsio n. The G B Ls ele ctivityin c re as ed withde c re asi ngthe2H T H Fs ele ctivity･
●
Table 2･4 s u m m arize sthe dehydroge n atio n of 2H T H Fo v er s e v e r al Cu
-bas ed
catalysts a nd s uppo rt(A -012 2). 2 H T H Fw a sdehydr oge n atedto G B Lo v e r allthe
s a mple s･ T he c atalytic a ctivity w asquite differ e nt:the A
-3001, A 3010a nd A･3111
s a mple s sho w ed m u ch higher a ctivitytha nA-0122,A -3000a nd A-3100samples･
Table 2.5 s u m mariz esthetr a n sfo r m atio n of S D A in diffe re nt atm o sphere of
He a nd H2. Ov erthe no n- c oppe r s a mple(A -012), a sm alla m o unt of S D Awas
tra n sfo r m edto GB L inbothatm o sphe re s, a ndthe c atalytic activityw a s n ot affe cted by
c arrie rga s･ Othe rproducts, 2 H T H Fa nd 1)4
- B D O
,
w er e als o observed･ h c o ntr ast,
cu-bas ed catalystsbad little a ctivityin He 鮎 w, whe re asthey e触 ctiv elytransfo r med
SD Ato GB L in H2 no w. This re s ultimplie sthat thefo r m atio n of G B L fr o mS D A
r equ lreSJhydroge n atio n at thefirststepof thetr a n sfo r m atio n･
●
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2｡4 D 畳sc u ssio n
2.4.1 E#e cts ofadditiv es onthephysic ala ndc atalyticpr ope rty
A -3000c atalyst, pu r e c op pe r, sho w ed ability of dehydr oge n ativ e cyclization
(Table 2.1). On the othe r ha nd, A -0122containing n o c oppe r w a s a ctiv e to
dehydrative cyclizatio n to T HF･ The refo re, m etallic Cu is activ e c e nter of
dehydr oge n atio n of 1,4-B DO to G B L･ Ho w e v er, n o simple c o rr elatio nbetw e e n
c atalytic activity a nd Cu s u rfac e are a w as obse rv ed(Tables2･1-2･3)･ He n c e, the
c atalytic a ctivityw o uld begr e atlyinfhe n c ed bythe additv e s･
In the r eactio n of etba n olto etbyla cetate【14,1 9】, the re actio npathw ay w a s
c o n side red a s sho w nin Sche me 2.1. Etba n ol w as initially dehydr oge n ated to
a c etaldehyde, follo w ed by he mia c etalizatio n of ethan ol with a c etaldehyde･ The
bydr o xyl gr o up of he mia c etal c o mpo u nd, wbicb w a s n ot detected in the r e a ctio n
efnu e nt
,
w as c o n s e c utivelydehydr oge n atedto ethyla c etate･
-H2
^ o H ～ ^ 0 〔1H｡ へト- )一 望 ㌦ 八｡ へ
Schem e 2･1 Re a ctio npathw ayfr o m etha n olto ethyl a c etate ov erthe c op per-bas ed c atalyst.
A co mpo u nd in thepare nthesisis n ot obser v ed inthe ethyla c etatefor m atio n･
T he effects of additv e s o nthe dir e ctsynthe sis ofethylacetate fro m etha n ol
ar e s u m m ariz ed in Ref. [14]. Al203in c re as ed Cu s u rfac e a r e a, nd e nha n c edthe
catalytic acti
t
l,ity･ T he high dispersio n of Cu spe cies w ould be attributed to the
in s ertio n of aluminu m io n sinto CuO lattic eto de cr e a s eCuOpa rticle size･ Ho we ver,
alarge a m o u nt of diethyletherfo r m atio n w as obs e rv edin Cu
- Al203 Syste m S u ch as
A -3 001. ZrO2 gr e atlyin c r e a s edthe c atalytic a ctivity. ZnO did not affe ctboththe
cu s u rfa c e a re aa nd c atalytic a ctivity. T he addito n of ZnO a nd ZrO2 tO A
-30 01
2 2
suppre ss edthediethyletherfo r matio n. T hede c r e a s einthe s ele ctivitytodiethylethe r
w o uld be attributedto n eutralizatio n ofa cidsite s of A 1203S u rfa c ewith ZnO a nd ZrO2.
Inthe re actio n ofetba n olto etbyla c etate o verthequ ate r n ary syste m, A- Ⅹ122, dietbyl
ethe r was obs e rv ed atlo w c opper c o nte nt, whe re asit disappe ar ed at high c opper
c o nte nt･ T hefo r m atio n of diethylethe rwa s attributedtotheis olated Al203 Species,
which w as n otin c o rpor ated into CuOlattic e. Atlo w c oppe r c ontent, alumin um io n
w as not inc o rpor ated into CuOlattic e c o mpletely. Thu s, theis olated A1203 SPe Cie s
e xisting o v e r c atalyst s u rfa c e c atalyz ethe etherific atio n of ethan olto diethylether･
T he c o ntent of c oppe rin A - x122s a mple affe ctsthe c atlytic a ctivity, a ndthe highest
a ctivityis obs e Ⅳ edatx =12.
In the pr es e nt r eactio n of i,4- B D Oto G B L, effects of additv es o n c atalytic
a ctivity a re simila rtotho s e obs e rv ed in the ethyla c etatefo rmatio n(Tables2.1-2.3).
W hile ZnO didn ot affe ct the c atalytic a ctivity, ZrO2 dr astic ally e nha n c edit･ T H F
w as form ed over A -3001s a mplein pla c e of diethylethe rfo r m ed in the r e a ctio n of
ethan ol. Ra o et al. r epo rtedthat 1,4- B D O interacted with Br@n sted a cidsite of
Cr- ZSM -5 a ndw asdehydratedtoTHF[20]･ Itispr obablethatT H Fw o uldbefo r m ed
o v e r a cidic site s of A 1203. T he fo r m atio n of T H Fo v erA 13001sample wa sgre atly
s uppre s s ed bythe addition ofZnO a nd Zr
'O2･ The c atalytic a ctivity w a s e nhan c ed in
thequ ate rn arysyste m･ Inthe A ･x1 22syste m s, T H Fwaspr efe re ntiallyfo r m edatx
=0,
wher eas it w as gre atly s uppr e ss ed bythe addito n of c oppe r, which w o uldr educ e
acidicpr operty･ T hehighe st a ctivity w a s obtain edatx
=6･
2.4.2 Kin etic c on side r ation
lnthe r e a ctio n of1
,
4- ちDOto GB L,the r e a ctio npathw ay w o uldbe simila rto
that ofetha n olto ethyla c etate(Sche m e2･1)･ T he v ariation sinthe s ele ctivityto G E L
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a nd 2 H T H Fsho w nin Figs･ 2･1-2 3s ugge st that2 H T H F istheinte rm ediateinthe G E L
syntbe sis 血
･
o m 1
,
4- B D O･ The r e a ctio n of 1
,
4-B DO to G B L is simplyr egard a sthe
c o n s e c utiv e re a ctio nvia2 H T H Fa sfollo w i ng:
kl
ちD O 2H T H F
k2
G B L
The re a ctio n rate c o n sta nts ofthe steps, 1,4- B D Oto 2 H T H Fa nd 2 H T H Fto
G B L
,
w e r ede n oted askl andk2, respe ctiv ely. The r elatio nbetw e e n c o n v e rsio n a nd
s ele ctivity w a sim ulated, a ss u m i ngthat the ele m e ntaryr e a ctio n of e a chstep hasfirst
o rde r･ In ge n e r al,the cha ngein 也e c o mpositio n of 1,4- B D O, 2HTH Fa ndG 古Linthe
c o n s e cutiv e r e a ctio n c a nbe e xpress ed asfolo w s[21]:
XA = e XP(･klt)
XB =[kl/(kl- k2)][exp(-k2t)- e XP(-klt)]
Ⅹc = 1- ⅩA- ⅩB
wher et
,
XA, XB a nd Xc a rethe tim e facto r, the c o mpo sitio n of 1,4- B D O, that of
2 H T H Fa ndthat of GE L, r espe ctiv ely･ Eli min atingthetim efa cto r, the sele ctivityto
2H T H Fasthe fun ctio n ofthe c o n v ersio n of 1
,
4- B DO w as obtained
,
a sthefollo w ing
●
equatio n
y =(1/Ⅹ)/(1- k2/kl)[(1-Ⅹ)
k2/kl
-(1-Ⅹ)]
wher e x a ndyr epr esent the c o n v ersio n of 1,4- B D O) Ⅹ ≡ 1-XA, andthe s ele ctivityto
2 H T H F
,y = XB/(1- XA), r eSPe Ctiv ely･ The s ele ctivityto G B L is e xpr es s ed as1-y.
T hen
,
the the or etic al s ele ctivity- c o n v ersio n c u rv e c a nbe calc ulated at
appr opriate r atio of k2tO kl, k2/kl, Which isthe v ariable. Figs. 2.4 a nd 2.5 sho wthe
r elatio nbetw e e nthe c o n v e rsio n a nd s ele ctivityo v e rA -6122a nd A-310 0, r e spe ctively,
togethe rwiththe the or etic al cu rve s at sev e ral k2/kl Valu e s. T he cu rv es c alc ulated
withthe k2/kl V alue at48a nd 8w ell fit withthe plotted data of Figs. 2.4 a nd 2.5,
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re spe ctiv ely･ T he r es ultsindic atethat the reactio n rate ofthe s e c o ndstepis48tim es
fa ste rtha nthat ofthefirststep o v erA -6122, whe r e a sitis 8tim e sfa ster o v e rA 13100.
T he r efo r e
,
the ad diton of ZnOinto Cu c atalystgr e atlyde cr e a sedthe dehydr oge n atio n
ability, espe cially l nthe s e cond step･ In the r edu ction of A･3100, ZnO c o uld be
pa rtiallyredu c ed with Cu,tobe bim etals olids olutio n. T his w o uld bethe re as o nfo r
the de a ctiv atio n o v erA -3100. This c o n side r atio nis c o n siste ntwiththe r esultshown
in Table2･4:A -3100isle s s a ctiv etha nthe othe rsinthe dehydr oge n atio n of2H T H Fto
G B L.
T he initial step, the r e a ctio n fr o m 1,4- B D Oto 2 HT H F, in cludes tw o
ele m e ntary r e a ctio n s, which in v olv e the dehydr ogenatio n of 1,4-B DO to
4-hydro xybutan ala ndhemia c etaliz atio n of 4-hydr o xybuta nalto2 H T H F･. Inthe step,
the hemia c etaliz atio n w o uld m u ch faster tha n dehydr oge n atio n be c a u s e
4-hydr o xybuta n alw as n ot bs e rv ed inthe r e a ctio n of1,4- B OOto G B L. T he refore,it
is c o n sider ed that the dehydr oge n atio n of 1,4- B D Oto 4-hydroxybuta n al is the
r ate-dete rmin ation -stepinthetotal G B L for m atio n.
2･4･3 Rea ctio npathw ay#o m1,4-B D Oto GBL
Assho wnin Table2･4
,
2H T H Fw a sdehydr oge n atedto G B Lo v e r a nysample s･
The c atlytic a ctivity, ho w e v er,is quite diffe r e nt a mongthe s a mple s･ In the A -0122
and A-3000s a mple s, theyieldof G B L is alm o st the s a m ein spite ofspe cific s u rfa c e
are a of A-01 22s a mplebeing m o retha n150tim e shigherthan the Cu s u rfa c e ar e a of
A -3 000(Table2,1). T his m e a n sthat thedehydroge natio n of 2Ii T H Fm ainly pr o c e eds
o v er m etallic Cu surfa ce. ln the bin a ry syste m s, A -3100 i$le ss a ctiv etha nA -3 01 0
a ndA -301s ample s. Thisispr obablyc a u s ed by n ot o nlytheir Cu s u rfa c e ar e abut
als o effe cts ofadditv e m e ntio n ed inthepre vio u s s e ctio n.
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Altho ugh itis elu cidate that 2H T H Fis theinte r m ediatein the re a ctio n of
1
,
4- BD Oto G B L
,
'
othe rpo s sible r e a ctio npathw ays, pa rtial oxidatio n ofT H Fa nd
Tishche nko r e a ctio n
,
are stillr e mained. In the partial o xidatio n of T H F, the o xyge n
s o u r c ew o uldbebulko xyge nin m etalo xide ofadditv e s a nd/o r o xyge nin H20, which
w a sge n e rated du ringthe dehydr atio n of 1,4- B DOto T H F. Neitherpu reTH Fn o r50
m ol%aqu e o u sT H Fs olutio n w a s r e a cted ev e n o v erthe m o st r e a ctiv eA -612 2 in He
flo w･ He n c e, the po s sibility of partial o xidatio n ofTH Fto GBLis de nied in the
pr e s e ntsystem ･
The n
,
it w as e x amin ed whetherTishche nko rea ctio n w ouldpr o c e ed o v e rthe
s a mple s o rn ot. Thefa ct that a s mal a m o u nt of S D A istr a n sfo r m edto G B L inboth
atm o spher es of He a nd H2 o v e rA-012 2(Table2.5)indic atesthat Tishche nko r e a ctio n
c o uldpr o c e ed o v e rthe mix ed m etal oxide s. Ho w eve r, Tishchenko r eactio ndidn ot
o c c u r o v erth Cu-ba s ed c atalystsin He flo w. Itis r eportedthatTishche nko r e a ctio n
r equired both a cidic a nd basic site s[22], a nd Ipr evio u sly m e ntio n edthat Cu additon
to A -01 22w o ulds uppr e ssthe s u rfa c e a cidity[1 4]. Thu s, I spe culatedthat simi lar
s uppr e s sio n w o uld inhibitTishche nko r e action of S D Ato G B Lo verA - x122e x c eptfo r
A -01 22･ Onthe othe rhand, S D Aw astr a n sfo rm edto G B Lo v ertheCu -ba sed c atalyst
in H2 nO W･ In H2, O n e Of fo rmyl gr o ups in S D Aw ould be hydr oge n ated to be
4-hydro xybuta n al･ This can be c o n v ertedto G BLthro ugh 2 H T H F. In the r e a ctio n
of S D A in H2, 1,4- B D Ow o uld be fo r m ed by the fu rthe r hydr oge n atio n of
4-hydr o xybutanal.
In Sche m e2･2
,
I su m m ariz ethe reaction pathw ay･ 1,4- B D O is initially
dehydr oge n ated o v er m etallic Cu s u rfaceto4-hydr o xybuta nal･ Sin c ethe e xiste n c e of
4-hydr o xybuta n al w a s n ot obs e Ⅳ ed withinthedete ctio nlimit, 4-bydro xybutanalis s o
u n stable that it is rapidly hemiac etaliz ed to 2H T HF. 2 H T H Fis further
26
dehydr oge n ated to G BL o ver metallic Cu s u rfa c e. 2H T H F is the intr a m ole c ular
hemia c etalc o mpo u nd of 4-hydr o xybuta n al･ ln the re a ctio n ofethan olto ethyla c etate
(Sche m e2･1), the existe n c e of he mia c etal w as n ot co nfir m ed, while a cetaldehyde w a s
obs e r v ed in the po s sible r e a ctio npathway[14]. He re, it c a nbe c o nfir m ed that
bemiac etalistheinter m ediateinthedebydr oge n ativ e e ste r拍 c atio n ofalc ohol.
o H - H2
Cu
HO 〔o - - - o H〕 ～ C)- oH
1,4-B D O 4-hydro xybtlta na1 2H T H F
i-H20 -H2iTH2 -H2↓cu
O 〔o - o〕 & o
V H F
S D A G A L
Schem e2･2 Re a ctio npathw ayfro mB D Oto G B Lov erCu-ba s ed c atalyst･ Compo u ndsinthe
par e nthe sis are n ot bse rv ed intheB D Or e action.
2.5 Comc且Ⅶs畳o m
Synthesis of y-butyr ola ctone fr o m 1,4- B DO w as inve stigated o ver
Cu - Zn- Zr-A トOc atalyst, The relation betw een c atlyst c o mpositioh a nd catalytic
a ctivityfo rthe G B Lsynthe sisfr o m1,4- B D Oa ndthe r e a ctio npathw ay w e r e e x amin ed.
G B Lw a s effe ctiv elyfo r m ed o v erthe Cu-bas ed c atalyst. T he c atalytic a ctivity w a s
gr e atly affe cted by additv e s, a nd the m lX l ng Of m etal o xide additv e sin c re a sed
c atalytic a ctivity, the m a xim um a ctivity w a s obtain ed at c atalyst c o mpo sitio n of CuO:
ZnO:ZrO2:A1203 ≡ 6:1:2:2.
The r eactio n pathw ay w as clarified as follo w s; 1,4-B D Ow asinitially
dehydr oge n ated to 4-hydr o xybutanal, which w a s rapidly hemia c etaliz edto 2 H THF･
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2 H T H Fw asfu rtherdehydr oge natedto G B L･ Al lthedehydr oge n atio n o c c u rr edo v e r
m etallic Cu spe cie s･ The pathw ays thr o ugh the partial oxidatio n of V H Fa nd
Tishche nko r eactio n wer ede nied o v erthe c oppe r
-ba s ed c atalysts･
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Table 2.1 Effect of additv e o nphysic al pr ope rty and c atalytic a ctivity lnthe
dehydr oge n ativ e cyclizAtio n of 1,4- B D O
a
catalyst S A, E T
b
s Acu
c
Co n v･ Sele ctivity/m ol%
/m
2
g
-1 /m 2g
-1
/% G B L T H F 2 H T H F
A -3000
A -3100
A -301 0
A -30 01
1.2 1.2 27.6
5.5 5.6 25.7
53.8 16.6 65.2
113.6 39.5 43.8
8 8.9 0 9.6
66.4 0.5 31.3
96.4 0.2 3.1
70.1 11.9 4.0
a Av er age c o n v ersio n a nd s ele ctivitybetwe e n1 and 5 h, c atalyst w eightO･15 0g,fe ed
rate1.8 c m
3
h
･1
,
c arrierga sno w r ate30c m
3
min
-1
at240
o
C･
b specific s u rfa c e ar ea cited fr o mRef･[14]･
c
Cu surfa c e ar e a cited fr o mRef.[14].
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Table 2･2 E ffe ct of additv eto A -3001s a mple o nphysic al a nd c atalyticpr opertyin
thedehydr oge n ativ e cycliz atio n of 1,4-B D O
a
catalyst S AB E T
b s Acu
c Co n v･ Selectivity/m ol%
/m
2
g
-1
/m
2
g
･1
/% G B L T H F 2H T H F
A -6002
d
113.6 39.5 43.8
A -6202 10l.0 52.7 71.0
A -6022 134.4 3 6.0 62.0
A -6220 51.8 20.7 50.6
A -6222 1 20.1 3 9.7 67.4
70.1 11.9 4.0
96.1 <0.1 3.3
95.1 0.4 3.7
86.7 0 1 0.1
92.6 0.1 3.6
A -6122 131.2 40.3 84.0 97.7 0.2 1.6
a Average conve rsio n a nds ele ctivitybetw e e n1 a nd 5 h, c atalyst w eig加 0･150g,fe ed
r atel･8 c m
3
h
-1
, c a rierga sflo w rate3 0cm
3
min
-1
at240oC･
bspe cific s u rfa c e a r e a cited fr o mRef.[14].
c Cu s u rfa c e ar e a cited fr o mRef.[14].
d
Equ alsA -3001･
31
Table 2.3 Physic alpr operty a nd c atalytic a ctivity of A
- x122(x=0-95)sa mpleinthe
dehydr oge native cycliよatio n of 1,4- B D O
a
sAB E T
b
s Acu
c Co n v. Sele ctivity/m ol%
/m
2
g
-1
/ m
2
g
-1
/% G BL T H F 2 H T H F
183. 43.5 0.6 95.0 0.3
1 61.3 36.3 57.7 75.2 1.3 4.0
144.7 35.5 67.5 95.9 0.1 2.3
6 131.2 40.3 84.0
12 9 9.7 3 8.7 84.1
18 83.2 45.1 74.9
95 3 7.3 3 1.6 56.1
97.7 0.2 1.6
94.9 0.1 1.5
96.1 <0.1 2.1
93.2 0.2 3.9
a Av e rage c o n v ersio n a nd s electivitybetw e e n1 a nd5 h, r e a ctio nte mpe r atu re240
o
C
,
c atalyst w eightO･15 0g,fe edratel18 c m
3
h
-1
,
carrierga sno w rate30c m
3
min
- 1
･
b
specific s urfa c e a re a cited fr o mRef.[14].
c
Cu s u rface are acited fr om Ref.[1 4]･
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Table2･4 Dehydr ogenatio n of 2HT H F
a
Catalyst Co n v e rsio n/% Sele ctivity/m ol%
G B L 1
,
4- B D O
A -0122 25.6
A -30 0 12.1
A -3100 1 2.1
A-3010 76.9
A-3 001(=A -602) 79.6
A -3111(=A -6222) 88.4
18.2 12.0
35.7 1.8
27.5 7.0
80.3 13.9
84.8 6.0
66.7 3.9
a
Ea ch data w e r e obtained bythe re a ctio n r e s ults ofinitial1h, re a ctio nte mper atu re
240 oC
,
c atalyst w eight O･150 g, fe ed r ate l･8 c m
3
h
-1
, c amir ga sno w r ate 30 c m
3
min
-1
.
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Table2.5 Tr a n sfo rm atio n of S D A
a
Catalyst Carrie rgas Co n v ersio n Selectivity/m ol%
/ % GBL 2H T H F 1,4- B D O
A -0122 Ⅲe
A -0122 H2
A -3010 He
A -3010 H2
A -3111 He
A -3111 H2
14.4 69.2 30.8
14.9 77.8
2.7 93.8
89.9 95.6
0.5 100
88.4 92.0
21.4 0.8
4.0
6.2
0.4
0
5.6 2.4
a Each data w ere obtain ed bythe r e a ctio n r e sults ofinitial 1 h, re a ctio nte mper atu r e
240
o
C
,
c atalyst w eightO･150g, carrie rgasno w r ate 30c m
3 min
-1
･ S DAs olutio n of
21.O wt% w a sfed at1.8c m
3h
-1
.
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3- Buten-2- o n e(M V K)is kn o w n as a ninte r m ediate of ste r oids, terpe n oids,
m edic al drags, a ndpe sticides. Se v e r alr epo rtsfo rthepr odu ctio n of M V K ha v ebe e n
rec e ntlyfo c us ed on the c o nde n s atio nofpropa non ewith m etha n ol･ Catalysts s u ch a s
Fe- Cu c o mple x[1], SnO2 doped with r ar e e arth m etal[2], a nd pho spho r o u s- m etal
mix ed o xide s[3] are e mployed in the r e a ctio n. Metha n eis als o u s ed a s the
c o nde n s atio n r e age ntin ste adof m etha n ol o v erMgO c atalyst[4]. On the otherha nd,
the dehydr atio n of 4-hydr o xy
-2-buta n o n e(H B) to M V Kin di- ” -butyl phthalate
in cluding s m all a m o u nt of iodin eandhydr oquin o ne hadbeen r eported[5]. At this
point, M V K is m a n ufa ctur ed bydehydration ofH Bc atalyz edbys oluble acid in aliquid
phas e･ H Bcan be produ ced by c o upling ofpr opa n o n e a ndfo m aldebyde in basic
m edia [6,7]. As m e ntio n ed in Se ctio n l･3, the pr odu ctio n of H Bvia the
dehydr oge n atio n of 1,3-bta n ediol(1,3- B D O)is pote ntialpr o c es s, wher eas H B is n ot
s ele ctiv ely obtain ed o v e rCu-bas ed c atalysts･ This willbetheta rgetrea ctio nfわrthe
utiliz atio n of 1,3- B D O.
T hedehydratio n with 1iqu da cidc atalysts s u ch a ssulfu ric a cid,pho sphoric a cid,
a nd so on, ar e u s ed in m a ny che mic alpr o c es s e s, whilehete r oge ne o u s c atalystha s s o me
advantage s:Itfa cilitate sthe s epa r atio n ofpr odu ctsfr o m catalysta ndther eis n o n e edto
l
n e utr aliz ethe ho m oge n e o u s c atalystin o rderto e xtract the pr odu cts･ Ho w e v e r, n o
effe ctiveheteroge n e o u s c atalystha sbe e npr opo s edinthedehydr atio n of H B into M V K･
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The refore,in this chapte r, the dehydration of H Bto M V K is n v e stigated o v er
s e veral m etal o xides, a nd itis fo u ndthat anata s e- TiO2 ha s e x c elle nt a ctivityfo rthe
re action･ Inthispape r, 也e e触 ct ofte mper atur e o nthe r e a ctio n o v er a n at s e
- TiOヱ a nd
c o mparis o n of TiO2C atalyst withother s olidcatalysts ar e e x a min ed･
3.2 Expe rim e ntal.
3.2.1. Catalystsa mple s
Allthe sa mple s, e x c ept fo rtw o TiO2, W e re CO mm e r Cially a v ailable･ TiO2
s a mple s were s upplied by Catalysis So cietyof Japan astheJapa nRefer e n c eCatalysts･
The spe cific s u rfac e a re a ofs a mple s w as c al ulatedfrom the ads o rptio nis other m of N2
at - 1 96
oC with B E Tm ethod･ Thete mperature -pr ogr a m m ed de s orptio n of ads o rbed
a m m o nia(N II3- TP D)w a s als o carried out to m e a s u re a cidity ofthe c atalysts･ A
s a mple(10mg)w a spr ehe ated at500
oC fわr 1也 u nder re血 c ed pre s s ur e･ N HS W as
ads o rbed at1 00
o
C fわr10 min and e v a cu ated fわrlb. A 鮎r n o N H3bad be e n obseⅣ ed
in N2 no w, the sample wa she atedfr o m100to 800
o
C athe ating r ate of10
o
C min
-1
u nder N2 no w Of 99 m m ol min
-1
･ The detai led TP Dpr oc edure w a sde s c ribed
els e whe r e[8]. T he origin ofs a mple s,their spe cific s u rfa c e a re a andthetotal a m o u nt
ofacida relisted in Table3.1.
3.2.2. Catalytic r e a ctio n
The r e a ctio n was c a rried o utin a c o n v e ntio al do w n- flo w tubula r-r ea ctor at
a mbie ntpr es s u re ･ A c atalyst w a s血a rged inthe r eacto r, a nd catalystbed w ashe ated at
a pr e s c ribedtem per atu r ein He c a rrie rga s of 3 0c m
3
min
-1
(S TP)･ A fte rthe c atalyst
bed had been he ated fo r60m l n, liquid H Bw a sfed intothe r e a cto ratfe ed r ate of l･7
4 2
c m
3 h
･1
･ The e組 u e nt c olle cted periodic ally at 0
oC e v eryho u rw as a nalyzed with
FID- G C(G C-8 A, S him adz u,Japa n)with30- m c apillaryc olu m n(TC- W A X). Gas e o u s
pr odu cts w e re a n alyz ed with o n-lin e T C D- G C(G C-8 A) with 2- m pa cked c olu m n
(Po rapakQ)･
3.3 汲e s u且息s a 凪d disc Ⅶssio n
Fig. 3.1 e xhibitsthe chalge Sin H Bc o n v e rsio n withtim e o n str e a m atdiffer e nt
te mperatu res o v er anatase- 耶02. M V Kis efficiently produ c ed over a n atase- Ti02 at
<20 oC, a s sho w ninSche m e3.1. De a ctiv ation w a s c o nfir m ed at te mpe ratu r eshigher
tha n160oC
,
a nd it w asfo u ndthat thede a ctiv ated c atalysts cha ngedtheir c olo rfr o m
whiteto bla ck. To c o nfir mthe c a u s e ofthe de a ctiv atio n
,
the de a ctiv ated s a mple w a s
o xidiz ed. Oxidatio n w aspe rfo r m ed a sfolo w i ng Pr o c edu re;the dehydration ofHB
●
w a s c a rried o ut o v er a ntase -TiO2 at350
o
C fo r3 00min, a ndthe nthe c atlyst w as
he ated in the air at500
o
C fb∫ 60min, a nd c o oledto 350
oC. A触rthe o xidatio n
tr e atm e nt
,
the c atalyst r e c o v ered the initial a ctivity(data n ot sho w n). This re sult
s ugge ststhatthe c a u s e of de a ctivatio nis depo sitio n ofc arbo n spe cie s o nto the c atlyst
s u rfa c e･ In ge neral, olefin s ar ethe pr e c u rs or ofthe c a rbo n spe cie s, a nd they are
fo r m ed ov er a cid site s[9]. In this study, M V K is the pr e c u rs o r of ca rbon spe cies･
T heimitialstep ofthe de a ctiv atio n w as ads orptio n of M V Ko nthe a cidsite s a ndthe
ads orbed MVK w as s equ e ntially polym eriz ed. T he rate ofpolym eriz atio nin c re a s es
within c re asl ngthe re a ctio nte mper atu r e, w he r e a sthe deso rptio n r ate of MV Kals o
in c re as e s･ The polym eriz atio n r ate pr obably e x c eeds the des o rptio n r ate of M VK
l
abo v e160
oC.
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/虹- ､ ｡ H - H20 Å♂
sche m e3.1 Dehydr atio n of4-hydr o xy-2-butanon einto3
-buten -2- o n e
Fig･ 3･2 depicts temper atu r edepe ndenc e of a v e rage c atalytic a c
tivity of
a n ata s e- TiO2intheinitialre a ctio nfo r300min･ ThehighestH Bc o n ver sio na nd M V K
s ele ctivity w e r e attin ed at160
o
C･ T he HB c o n v ersio nde cre a s ed with inc r e asingthe
r e a ctio nte mper atu re 如 m 1 60to 240
oC
, whileitin cr e as edabo ve 300
()c･ Altbo ugb
the s ele ctivitytopr opa n o n ekeptinlo wle v elat <240
o
C
,
itincre a s ed abo v e240
o
C･ In
●
o rde rto elu cidatethe o rlgl n OfpT Opa n O n e,bla nkte sts w er e carried o ut witho ut u sl ng
c atalyst at s e v er alte mper atu r e s･ Pr opa n o n e w asfor m ed at240
oC inthe n o n- c atalytic
r e a ctio n of H B(figu r er n otsho wn)･ T hefo r m atio n ofpr opa non e w o uld be attributedto
thethe r m alde c o mpo sitio n of H B, which isthe ketol ofpr opa n o n e a nd fo r m aldehyde･
The c atlytic dehydratio n ofH Bto M V Kandthe the r m al de c o mpo sitio n of H Bto
●
pr opa n o n e were c o mpetitiv e, a ndthe r ate ofthelatter w o uld in cr e as e with in
cre aslng
the re a ctio nte mpe r atu r eabo v e240
oC･ The r efo r e) the H Bc o n v e rsio n was rec ov e r ed
abo ve300
oC(Fig. 3.2)･
Fin ally, I e xamin edthe catalytic a ctivityfo rthe HB dehydratio n o v e r s e v e ral
o xide s a mple s at1 60
oC(Fig･ 3･3). Altho ughthe metal o xide s s u ch a s f utile- TiO2,
Al203, CeO2 andSiO2- Al203 Sho w ed r elativ elyhighinitial a ctivity, they w e r e r apidly
de a ctiv ated. T he SiO2-A 1203 Sho w edthe largest de a ctiv atio n･ T he othe r samples,
f utile- TiO2, Al203, a nd.CeO2
eXhibited m oder ate de a ctiv atio n･ They sho w ed
de a ctivatio n e v e n at120
o
C
,
while the s ele ctivityto M V Kis high in allthe s a mples
(Table 3･1)･ Pr opa n o n eis the major by-pr odu ct with 1-2 m ol% s ele ctivity･
Dehydr atio n of alc oholsis re adily c atalyzed bya cids[1 0]･ Ho wev er, thede a ctiv atio n
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is pr obably c a u s ed bythe str o ngintera ctio n of MVK with a cid site sto for m c a rbo n
spe cie s on the c atalysts u rfa c e, asdis c u s s ed abo v e.
Fig･ 3･4 sho w sT P Dpr ofile s of N H3 ads o rbed o nthe s a mple s･ The total
a m o u nts of acid site s are listedin Table 3.1. Itis ob vio u sthat SiO2-A l203is the
stronge sta cidcatalystinthis study, andthatA l203hasthe s e c o nd highest a cidityo nits
su rfa c e. It c a nbe c o nfir m edthat a n atas e- TiO2 has o nly w e ak acidsites be c aus ethe
T P Dpe ak islo c ated at125
oC･ It sho uld be n otedthat the a cidity ofr utile-TiO2is
highertha nthat of a n atas e- TiO2･ T P Dprofile of CeO2 is simi la rto that of
a natase-TiO2, a ndSiO2ha s n oN HS ads o rbed o nits s u rfa c e at10
oC
.
The N H3- TPD r esults support the spe c ulatio n about the de a ctiv atio n ofthe
c atalysts, e x c eptfor CeO2:the s a mpleswithstr o ng acids u ch asSiO2-Al203, Al203 a nd
futile- Ti 02 W e rede a ctiv ated, a nd the degr e e of the de a ctiv atio nfolo w sthe a cid
stre ngth ofthe s a mple s･ Si OT Al203 Withthe str o nge st a ciditye xhibitedthe ste epe st
de a ctiv atio nbeha vio r a m o ngthe s a mples. A l203 Sho w ed m or e rapid degradation in
c atalysistha n f utile- ¶02, Wbicb is attributedtothehigheracidityon A1203S u血 c e･ In
spite ofthe similar a cidity, de a ctiv atio nbeha vio ris differe ntbetw e e n a n atas e
- Ti02 a nd
CeO2. T he c a u s e ofthe differ e n c e cannot be e xplain ed in the TP Dstudy･ Redo x
n atu re ofCeO2 w o uld be c o rr elated withthe de a ctiv atio n. The a ctiv atio n ofalc ohols
o v er ceo2fo rthe dehydratio n of1,3- BDOto 3-bute n-2- ola ndtram s-2-bute n
-1- ol[11]
andthe dehydration of1,4- B D Oto 3-bute n-1- ol[12]hav ebe e n r epo rted, a nd lt ha s
be e n c o n cludedthat the r edo xpr ope rty of CeO2 Plays a c ru cialr olein the c atlytic
dehydration ofdiols.
No a cidsite sare obs e rv ed o nSiO2S u rfa c einthe N HrTP Da nalysis. Ho w e v e r,
e v en siO2 withthe w eake sta ciditya s w ellas a n ata s e- TiO2Sho w s stable con versio n･ It
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is s u rp lSl ngthat thedehydr atio n of H Bto M V K, whichis pr obablystabiliz ed bythe
● ●
c o njugated do uble bo鴫 pr o c e eds o v e rtheles s a cidic SiO2 at1 60
o
C･ Na mely, the
dehydr atio n of H Brequ lr e S We ak a cid site s, a nd str o ng o n e sinduce u nfa vor able
de a ctiv atio nbe c a u s e ofstronginte r a ctio nbetw e e nM V Ka ndthe acidsites･
3.4 Co m clⅦsio n
4･ Hydro xy-2-buta n o n e was c o n v erted to 3
-buten -2- o n e with 98･8 m ol%
s ele ctivity o ve r a n ata s e-TiO2 C atalyst, a nd n ode a ctiv atio n w as obs e rv ed a
･t 160
o
C･
pr opa non e w aspr oduc ed as aby
-pr oduct in the the r mal de c o mpo sitio n of
4-hydr o xy-2-butan o n e abo v e240
o
C･ Acidic c atlysts such asAl203 a ndSiO2- Al203
w e rede a ctiv atedbe c a u s ethe str o ng a cid sitesinteracted with 3-bute n-2- o n eto fo r m
carbo nac e o u s spe cie s･ We ak a cidsite s of an atas e-TiO2 a nd SiO2 are S ufficie ntfo rthe
dehydr atio n of 4-hydr o xy-2-buta n o n eto3-bute n-2- o n e･
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Table3.1 The c atalysts u s ed fo rthe rea ction･
catalyst Origin S AB E T Sele ctivity
a
Acidity
b
/m
ュ
g
-1
/m ol% /〃m olg
-1
an ata s e- Ti 02
futile-TiO2
A l203
CeO2
SiO2- Al203
SiO2
TIO-4(Japa nRefer e n c eCatalyst) 55 98･8 4･5
TIO-3(Japan Refer e n c eCatalyst) 40 97･1 30･8
D C-2282(Di且 Catalyst)
(WakoPu reC he mic alIndu stry)
N 631- L(N ikki C he mical)
Q-10(Fuji Silysia Chemic al)
20 96.1 1 66
20 97.9 4.7
420 96.8 440
295 97.4 2.4
a
sele ctivityto M V Kinthe r e a ctio n ofH Bat160
o
C sho w nin Fig･ 3･3･
b
Totala cidity m ea s u r ed byN H3- T P D(Fig. 3.4).
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Cぬap息e 訂格
Ca息a柳畳c 汲e ac鮎 n oぎ且,3-甑Ⅶ息a m ed畳o且ove TSO漫畳da c畳ds
乱且 瓦m忠r odu c朗o n
Unsatu r ated alc ohols ar eimpo rtant c o mpo u nd inindu strialche mistrybe c a u s e
they ca nbe u s ed a s r a w m ate rial a ndinte rm ediate s ofpesticides, m edicin e s a nds o o n.
Sele ctiv ehydr oge n atio n ofu n s atur ated c arbo nylc o mpo u ndsto tln S atur ated alcoholshas
be e n e xte n siv elyin v estigated:intheho m oge n e o u s syste m, the stoichio m etric re agent,
NaB H4/la nthan oide chlo ride[1] and Ru･ c o mple x syste m[2,3]are repo rtedto sho w
effe ctiv e abiltyfo rthis re a ctio n･ Inthe heterogen e o u s syste m, Cr- m odified Ra n ey- Ni
[4], Sn-Pt/Nylon[5]a nd M/z eolite(M = Ru, Pt, R h)c atalysts[6]sho wgoodc atalytic
pe rfo r man c efo rthe s ele ctiv ehydr oge n atio nof u n s atu rated keto ne sinto u n s atur ated
alc ohols･ Re c e ntly, n o v el c atalyst syste m s u ch as Mee r w ein-Po n ndo rf- Verley
r edu ctio n o v e rZr(0 - かPr) o n m es opo r o u s m ole c ular sie v e[7], a nd s uppo rted-Au
c atalyst[8,9]arepr e s e nted.
Itha sbe e nfo u ndthat CeO2has c atlytic a ctivityfor the selectiv edehydratio n
of 1
,
3-diols[10,11]a nd1,4- B D O[12]to uns aturatedalc ohols. Fo r e x a mple, 1,3-B D O
isdehydr ated into3-bute n-2- ola ndtr am s-2-bute n･1- olat325
o
C with畠ele ctivityof 5 6-9
m ol% a nd 35･5 m ol%
,
r e spe ctiv ely [11], while 1,4- B DO r equir es the r e a ctio n
tempe ratu r e abo v e375
o
Cto be activ ated
,
a ndthe s ele ctivityto 3-bute n-1- ol is 68･1
m ol%【1 2]. T he m e cha nis m ofthe dehydr atio n of 1,3-B D Oo v erCeO2(111)s u rfa c e
w a sin vestigated, a nd it w a s c o n cludedthat the o xyge n-defe ctsite of CeO2(111)su rfa c e
pr obablythe a ctiv e sitefo rthedehydr atio血of 1,3･B D Oto u n
l
s atu r atedalc ohols【13].
Itis wellknow nthata cida nd bas e c atalyz e alc oholsto dehydr ate-into olefin s
[14]. Ho w e v e r, the r e a ctio n of diols o v e r a cid-ba s e c atalysts has n otbe e nde eply
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in v e stigated. T her efor e,inthis study, thepro m lSl ng acid c atalystsfo rthe dehydr atio n
● ●
of1,3- B DO into u n s atu r ated alc ohol ar ein v e stigated. The effe ct ofa cid a nd bas e
pr ope rtie s of the c atalysts o nthe c atalytic a ctivity and s ele ctivity to pr odu cts ar e
dis c u ss ed.
4.2 Expe rimental
l us edfo u r m etal o xide s s u ch a sSiO2-A1203, A1203, ZrO2 a nd f utile-TiO2.
SiO2-A 1203(N 631-L), A1203(D C 2282)a ndZrO2(RSC-1 00)w er e s upplied fr o mNikki
C hemic al
,
Dia Catalyst a nd DaichiKige ns o Kagaku Kogyo Col Ltd･, re spe ctiv ely･
Ti02 W a s S upplied by Catalysis So ciety of Japa n, Japa nRefer e n c eCatalyst TIO
-3･
T he specific s u rfa c eare a ofSiO21 Al203, Al203, Ti02 and ZrO2 W e re420, 200〉40 a nd
100m
2
g
-1
) r e spe ctiv ely, which w er e e stim ated by BET m ethod u s lng N2is other m at
- 196oC.
Te mpe r atu r e-Pr ogr a m m edDe s o rptio n s(TP D)of N H3 a nd CO2 W as C a rriedo ut
to evalu atethe a cidand bas epr operties, respe ctively. T he nu mbers of a cid a ndbase
site s w e re estim ated fr o mthe n e utr aliz atio n-titr atio n c u rv e s of H2S O4 a nd NaO H
s olutio n,respe ctiv ely･ T hepr o c edu r e of T P Dw asdetailed in els e wher e[1 5]･
The c atalytic re actions ofalcohols w er e caried outin a co n ventio nal fixed-bed
do w n- no w reactor. 1
,
3- Buta n ediol, 1-buta n ol a nd 2-buta n ol w e re pu r chas ed fr o m
W a c oPu r eC hemic al Ind. Ltd･, Japa n, a nd un s atu rated alc ohols s u ch a s3-bute n-1- o1,
3-bute n-2- ol and 2-bute n-1- ol we r epu r chas ed fr om Tokyo Kasei Kogyo Co. , Ltd. ,
Japan. Al lthe re age nts w ere us ed withoutfu rtherpurific atio n･ The c atalystbed w as
he ated in an
･
N2 no w at a rate Of 30c m
3 min
-1
at the de sir ed r e a ction te mperatu r e of
200- 375
o
C a nd keptfb∫1也 asthepretreatm ent･ The re actio n w asc arried outinthe
N2 伽 w at a r ate of 30c m
3
min
-1
･ T he n
,
a r eacta nt w a sfed intothe r eacto r at aliquid
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flo w r ate of l･7 c m3 h
-1
･ A liquidefflu e nt w a scolle cted withic etrap a nd a n alyz ed
pe riodic aly every 1 h by FID- G C(Shim adz uGC-8 Aequipped with30m le ngth of
T C- W A Xc olu mn)a ndga s e ousprodu cts w e r e a n alyz ed byon -lin eT C D-GC(S him adzu
G C-8 Aequipped with6 m le ngthofVZ･7). T hepr odu cts w e r eide ntified with GC- M S
(S him adz uG C M S-QP 5050 A).
Sele ctivitytopr odu ct,S, w as c alc ulated withfollo w ingequ atio n:
●
(a m o u nt ofpr odu ct)×(the n u mbe rofc arbo n ato m sinthepr oduct)
S =
(totala m o u nt ofpr odu cts)
乱3 Re s Ⅶ且ts
Fig･ 4･1 shows N HS- a nd C OB- T P Dpr ofiles of the c atalysts, and Table4.1 lists
the physic alpr ope rtie s ofthe m. The de s o rptio n of N H3 W as Observ ed o ver allthe
catalysts･ SiO2- A l203 Sho w edthe la rge st and asym m etric des o rptio npe ak of N Ii3･
This asym m etry I mplie sthat SiO2- A1203 has a cid site s wi th differ e nt str e ngth･ Ⅰ
●
de c o n v olutedthedes o rptio npe akintotw ope aks withGa u ssia nfitting, as show nin Fig.
4･1 A･ The peaks c e nte red at 279 and 414
o
C, r espe ctiv ely･ A l203 a nd TiO2 had
sym m etricdes orptio npe ak ofN耳3 Cente red at345a nd342
o
C
,
r espe ctiv ely, whilethe
am o u nt of a cidsite s of A 1203is c a. fiv etim e slargertha nthat ofTiO2. ZrO2 Sho w ed
the w e ake sta ndbr o ad de s o rptio npe ak c e ntered at214
o
C･ T his s uggeststhatZrO2ha s
the w e ake st a cidsites a ndits a m o u ntis the s m alle st. In the C ol- TP D, I c ould n ot
c o nfir m the des o rption of C O2fr o mSiO2- Al203 a nd TiO2, Wher e as Al203 a nd ZrO2
ha ve a s mallde s orption pe ak c e nte r ed
'
around 110
o
C. T he s e re s ults indic ate that
SiO2- Al203 a ndTiO2ha v e n oba s e sites o ntheir s u rfa c e, a ndAl203 a nd ZrO2have w e ak
bas e site stogethe rwith a cid o n e s. He n c e,it w as s u m m ariz ed thatthe s equ e n c es of
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a cidandbasepr opertyofthe c atalysts a sSiO2- A1203 > Al203 > TiO2, > ZrO2, a nd A 1203
> zrO2 ≫ siO2- Alま03, Ti 02, re spe ctiv ely.
Fig･ 4･2 sho w sthe a ctivitie s ofthe c atalysts atdiffer e ntr ea ction temper atu r es･
Co n v er sio n of 1
,
3-buta nediol m o n ot n ously ln C r e a Sed with in c re as lng the re a ctio n
●
te mpe r atu re o v e r allthe c atlysts･ Si O2
-Al203 Catalyz ed the dehydr ation of
1
,
3-buta n ediolat the lo w e st r e a ctio nte mpe r atu re a m o ngthe c atalysts. A1203, Ti O2
a nd ZrO2 requir ed the temperatu r e a r o und 250, 35 0a nd 350
o
C to a ctiv ate
1
,
3-buta n ediol
,
r e spe ctiv ely. Table 4･2 s u m marizes the produ ct distributio nin the
r e actio n re s ults of 1,3-buta n ediol o v erthe c atalysts. 3- Bute n-1- ol w asthe m ajo r
●
pr odu ct o v e rSiO2- Al203, TiO2 and ZrO2 at a ny temPe r atu r e S･ Fo r maldehyde a nd
4- m ethyll ,3-dio x a n e, ho w e v er, w er e m ainlyobtain ed o verA 1203･ Withincre asingthe
●
r e a ctio n te mpe r atu re, the s ele ctivity to 1,3-butadie n e, the c o n s e c utiv e dehydr atio n
pr odu ct fr o m u n s atu rted alcohols, in cr e as ed while that to u n s atu rated ethe rs, the
bim ole c ular dehydr atio n pr odu cts fr o m u n s atu r ated alc ohols, de cre ased o v e r
SiO2- Al203. TiO2 a nd ZrO2 e xhibitedsimila rc o n v er sio nle v elof 1,3-buta n ediolat the
s a m e r e a ctio n tempe r atu r e. T he c o mpo u nds s u ch as 3-bute n-2- o n e, 2-bute n al,
1-buta n ola nd 2-butan olw e r epr odu ced via dehydroge n atio nand/o rhydr oge n atio n and
w ere obtain ed with r elativ ely la rge s ele ctivitie s o v e r¶02 a nd ZrO2. Ov e rZrO2,
3-bute n-21 0l w a s pr efer ably pr oduc ed c o mpa red to the othe r catalysts, whe r e
3-bute n-2- o n e a nd buta n o n e w ere m ajo rby-pr oducts.
I testedthe dehydr atio n of 1-buta n ol and 2-butan olin o rde rto c o nfir m the
differ e n c e ofr e a ctivityofOH gr oups ofthebuta nol. Tables4 3a nd 4･4s u m marizethe
r eactio n r e s ults of 1- a nd 2-buta n ols o v e rSiO2- Al203, TiO2 a nd ZrO2, re spe ctiv ely. In
the r eaction of 1-butan o1, SiO21 A 1203 e xhibitedthe highe st a ctivity e v e ntho ughthe
r e a ctio nte mperatu r e ov erSiO2- Al203 W a slow ertha nthat over TiO2 a nd ZrO2by12 5
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o
C･ TiO2 Sho w ed m oder ate a ctivity a nd ZrO2 hardly a ctiv ated 1-buta n ol at350
oC.
2- Bute n e s w er e m ainlypr odu c ed o v e rSiO2-A l203, While 1-bute n e w a spr edomin a ntly
obtain ed o v e rTi 02 a nd ZrO2･ In ote thatbutyl butyrate w a spr odu c ed o verZrO2 With
the s ele ctivityof 2 2･ m ol%･ Inthe r e a ctio n of 2-buta n ol,the c atalytic a ctivitysho w ed
si milarte nden cy a sthe c as e of 1-buta n ol,i.e. SiO2-A 1203 > TiO2 > ZrO2. Cis-2-bute n e
w a s m ainlypr odu c ed o v er SiO2- A l203 and TiO2, Wher e a s1-btlte n e W a s Obtain ed with
thela rge st s ele ctivity o v erZrO2･･The r e a ctivity of 2-buta n ol w as m u chhighe rthan
1-buta n olo ve rthe catalysts.
I als o e x amin edthe r e a ctivity of u n s atur ated alcohols o v erSiO2-A 1203 a nd
TiO2. The re sults o v erSiO2- Al203 a nd TiO2 a relisted in Tables 4.5 a nd 4.6,
r espectiv ely･ Ov e rSiO2-A l203, 2-bute n-1- ol a nd 3-bute n-2- ol w er epredominantly
dehydr ated into 1,3-butadie n e at the s a m e c o n v e rsio n le v el･ On the c o ntr ary,
3･bute n-1･ ol w a s s ubje ct to de c o mpo sitio nto pr odu ce pr ope n e a ndfo r m aldehyde with
thehighests ele ctivityandthedehydr atio ninto1,3-butadie n edidn oteffe ctiv ely pr o c e ed.
Furthe r m o r e
,
the r e a ctivity of 3-bute n-1- ol w a slo w ertha ntho s e of 2-bute n-1- ol a nd
3-bute n-2- o1. The r e a ctivityofu n s atu rated alc ohols ove rTi 02 W as S u m m a riz edasthe
●
follo w i ng S equ ence: 3-bute n-2- ol > 2-bute n-1- ol > 3-bute n-i- o1. T he c o n s e c utiv e
dehydr atio ninto 1,3-butadie n epr o c e ed d fわr allthe u n s atur ated alcohols, while the
s e v er al side r e a ctio n s w e r e als opr om oted o ve rTiO2. Conseque ntly, the produ ct
distributio n w a s v ery c o mple x.
4.4 D isc Ⅶsio m
4･4.1 EHects of a cid and bas占 prope rties of
-
catalysts o n catalytic
perjTo r ma n ce
ln this study, fo u r c atalysts with diffe re nt a cid a nd ba s epr opertie s w e r e
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e mployedtoin v e stigatethe effe cts ofthe s epr ope rtie s o n c atalyticperfo r m a n c e･
siO2- A120主sho w edthehighest a ctivitybe c a u s eit c atalyz edthe dehydratio n of
1
,
3-butan ediol at the lo w est te mperatu r e a m o ng the c atalysts I te sted･ The n, the
sequ e n c e ofthe c atalytic a ctivityc a nbe s u m m a riz ed a sfollo w s;SiO2
･A1203 > A1203 > >
Tio2 = ZrO2(Fig. 4.2). It sho w sgo od c oin cide n c e withthe a cidity ofc atalysts
'
･ the
m o st a cidic c atalyst, SiO2- Al203, e xhibited the highest a ctivity fo rthe r e a ctio n of
1,3-buta n ediol. Thes e r es ultsimplythat thedehydr atio n of1,3
-buta nediolis c atlyz ed
ata cidsite s ofthe c atalysts.
Fu rtherm or e,the re a ctio n of 1- and 2-buta n ols was c arried o ut o v e rSiO2
-A l203,
TiO2 a nd ZrO2tOdis c u ssthe r eaction mecha nis m of 1,3-butan edioldehydration(Table s
4 3and4.4). Itsho uld be n otedthat2-buta nolis m o re re a ctiv etha n1-buta n ol･ T his
r es ult s uggests that re a ctio n sho uldpr o c e ed via carboc atio n a sthe inte r m ediate:
s e c o ndary c arbo c atio n, which is pr odu c ed fr o mthe eliminatio n of OH gr o up fr o m
2-buta nol, is m o re stable tha nprl mary On e Which is deriv ed fr o m1
-buta n ol･ The
pr oductdistributio nfr o mbuta n ols o v e r a cidiSiO2
-A 1203 a nd Ti 02 als o s uppo rtsthe
acid- c atalyz ed m e chanis m･ Zaitse vpr odu cts ar e m ainly obtain ed with a cid
- c atalyzed
m e cha nis m[14], a nd 2-bute n es, Zaits e vpr odu ct, w e r e m ainly pr odu c ed fr o m2-buta n ol･
1- Bute n eis, ho w e v er, s ele ctiv ely pr odu c ed fr o m2
-butan ol o v erZrO2･ Itis w ell
kn o w nthat ZrO2 give sHo任 m a npr odu ctsfr o m s e c o ndary alc obols【16,17]･ i w o uld
like to m e ntio nthat butyl butyrate wa sprodu c ed with a m oderate s el ctivity fr o m
1-buta n olov erZrO2･ Itispo s sibleto c o n siderthat the re a ctio nfr o m1
-buta n oltobutyl
butyrate pr o c e eds via Tishche nko r eactio n of n
-butylaldehyde [18] orhemia cetal
fo r mation[19-21]･
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4･4･2 DiHere ntpr odu ct-distribution am ongthe c atalysts
The dehydr ation of 1,3-diols o v e rCeO2 C atalyst has be e nalr e ady r epo rted
【10,ll,13】, a nditis c o n cluded that the r e a ctio nis pr o m oted by r adic al m e血a nis m
【11,13]. He n c e, 1,3･buta n ediol wouldbe activ ated with differ e nt m e cha nis mbetwee n
a cidcatalysts and CeO2･ Actu ally, the distributio n of the dehydr ated pr odu cts of
1
,
3-buta n ediol w a sdiffer ent e a ch other. 3- Bute n-2- ol andtra m s-2_btlte n_1_ ol w e r e
s electivelypr odu c ed o v e rCeO2, While 3-bute か1- ol w a spr efe r ably obtain edo v er a cid
SiO2-A1203, Which w a sthe str ong a cidc atalyst with n obas e site s o nits s urfa c e, a s
sho wn in Fig･ 4･1･ Ge n e r ally, alc ohols ar edehydr atedto gi v eZaits e vpr odu cts ov er
a cidc atalysts a s m e ntio n ed abo v e[14]･ Thu s, 2-bute n- トotshould bepr odu c ed a sthe
m aindehydr atedpr odu cts o v e r a cid atalysts･ Ielu cidatedthe re a ctivityoft m s atu rated
alc oholsinthe c ons e c utiv e r e a ctio n(Tables4･5 a nd4.6). 1,3- Butadie n e w a spr odu c ed
o v e rSiO2- Al203. The s ele ctivityto1,3-butadie n ein cr e a s ed whilethos eto u n s atu rated
alc ohols de cr e a s ed with in cr e a sing the c o n v e rsio n of 1,3-butanediol(Table 4.2).
1
,
3- Butadie n e c o uld be pr odu c ed fro m u nsaturated alc ohols o v erSiO2- A 1203, While
3-bute n-1- ol w asle s s r e a ctiv etha n2-bute n-1- ol a nd 3-btlte n-2- o1
,
a ndr e m ain ed inthe
r e a ctio n mixtur e(Table 4 3). He n c e, thelo w s el ctivityto 2-bute n-1- ol is pr obably
c a u s ed bythefaste r c o n s u mptio n r ate of 2-bute n-1- oltha nthat of 3-bute nl - ol. He re,
I w o uldliketo me ntio ntheprodu ctio n ofprope n e. 3- Bute n-11 0lw asde c o mpo s ed into
pr ope n e o v e rSiO2- A 1203(Table 4.5), while it w a s not obs e rv edin the r eactio n of
1
,
3-buta n ediol(Table 4.2). Thisdiffere n ceis pr obablyattributedtothe c o nditio n sfor
e a ch r e a cta nt: the r e a ctio n of u n s atu rated alc ohols w a s c a rried o ut at twic elo nge r
r e sidenc e-tim e tha nthat of 1,3-buta n ediol, i. e. u sl ngtWic占 am o u nt of catalyst w eight,
and at 血igh te mpe r atu re of 250
o
C･ Su ch s e v e r e c o nditio n s m ay pr o m ote the
produ ctio n ofpr ope n efr o m3
-bute n-1- olo v erSiO2- Al203.
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3- Bute n-1ol w asthe m ain pr oduct fr o m 1,3-buta n ediol o v erTiO2, While
2-bute n-1- ol w asprodu ced withhighs ele ctivitya nd 3
-bute n-2- ol w a s r a rely pr odu c ed･
T helo w e r s ele ctivityto 2-bute n･1- ol is n ot attributedto the co n se c utiv edehydr atio n
into butadien ebe c aus ebutadie n e w a s n ot f r m ed o v e rTiO2(Table 4.2). In the
r e a ctio n of2-buta n olo verTiO2, Cis-2-bute n e was m ainlyobtain ed, andthe s ele ctivityto
1-bue n e w as highertha n that to tr a m s-2-bute n e(Table 4･4)･ In the r e actio n of
1,3-butanediol,ho wever, cis-2-bute n-1- olw a sle s s s ele ctiv etha ntra m s-2-bute n-1- ol;the
s ele ctivities to cis･ a nd tr a m s-2-bute n-1- ol w ere 3.2 a nd 8.0 m ol% at 350
oC
,
r espe ctiv ely. T hefo r m atio n of cis-2-bute n
-1- ol m ay be r e stricted bythelarge steric
hindra nc einduc ed by the OH gr o up at 3-po sitio nin 1,3-buta n ediol, a nd thu s,
3-bute n-1- oltT/ O uldbe m ainly pr odu c edo v e rTiO2.
Altho ugh ZrO2hadthe w e akest a cidity a m oTlgthe c atalysts e mployed inthis
study,its a ctivity w a s c o mpa r abletothat ofTi02(Fig. 4.1). Thu s, thedehydr atio n of
1
,
3-buta n odiolpr obably do e s n otpr o c e ed with acid- c atalyz ed m e cha nis m o v er ZrO2.
Re c e ntly,I hav e r epo rtedthe s ele ctiv edehydr atio n of 1,4-buta n ediolinto 3
-bute n-1- ol
o v e rZrO2 a nd c o n cludedthat the a cid-bas epr opertyof ZrO2Plays a c ru cialr oll in the
rea ctio n【22,23]. Itis spe c ulatedthat that1,3-buta n ediolalso dehydratedin the s am e
m e cha nis m asinthe c as e of 1,4-butan ediol. Her e, I w o uld liketo e mpha siz ethat the
a cid-bas e c o n c e rted m e cha nis m r athertha n simple acidc atalysispo s siblyelu cidate sthe
high sele ctivity to 3-bute n-2- ol ov er ZrO2 (Table 4･1)･ Prim ary O H gr o up in
1,3-buta n ediolc a nbe r e adilya ctiv ated inthe m e chamis mbe c a u s e1,4-buta n ediol, which
ha s tw o prim a ry O H gr o ups, is dehydrated into 3-bute n-1- o1 [22,23]･ In the
acid- c atalyz ed dehydr atio n, prl m aryO Hgr onpisle ss a ctiv e a s m e ntio nedabo v e･
Ov er TiO2 a nd ZrO2, the pr odu cts distributio n w a s v e ry c o mple x. T his
comple xityis c a u s edbythe side r e a ctio n s;hydroge n ation a nd debydr oge n atio n･ The
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details are e xplain ed inthe nexts e ctio n.
Al203 Sho w ed u nlqu e C atlyticpe rfo r m a nceinthe re a ctio n of 1,3-buta n ediol:
4- m ethyト1,3-dio x a n e and fo r m aldehyde w e r e obtain ed with m ode r ate s ele ctivitie s.
4- Methyト1,3-dio x a n e can be pr odu c ed via a c etaliz atio n of fo r m aldehyde with
1,3-buta n ediol a nd form aldehyde･ Fo r m aldehyde w o uldbe produ c ed via the
r ev e rs e- aldolr e a ctio n of 4-hydr o xy-2-buta n o n e, which isprodu c ed bydehydr oge n atio n
of O Hgr o up at 3-po sitio nin 1,3-buta n ediol･ Here, i fa c e apu z zling qu e stio n:
pr opano n esho uld be pr odu c ed by the dec o mpo sitio n of 4-hydr o xy-2-buta no ne･
Ho w e v e r
,
the a m o u nt ofpr opa n o n edo e snot m atch withthat of for m aldehyde(Table
4･2)I At thispoint,the s ephe n o m e n a ar e n ot xplain able.
4･4 3 Re actio npathw ayPo m1,3-B D Oto pr oducts
Se v e r alpr odu cts w ere obs e rv ed o v e rthe c atlysts･ Unsatu rated ethers(17 in
Table 4.1) werefo r m ed o nly o v erSi O2-A l203. This w o uld be attri butedtothelo w
re a ctio nte mperatu r e o v e rSiO2-Al203･ Ge n er ally, etherific atio n of alc ohols pr o c e eds
atlo w erte mpe r atu r ebec a use synthe sis of ethe rsfr o m alc ohols is akin etic control
re a ction.
3- Bute n-2- o n e w a sthe majo rby-pr oductfr o m1,3-buta n ediol o v e rTiO2 a nd
ZrO2, a nd it c a nbe synthe siz ed via tw o r o ute s: o n eis the dehydr atio n of
4-hydr o xy-2-butan o n ethatis pr odu c ed by dehydr oge n ation of 1,3-buta n ediol, and
a n othe risthedehydr oge n atio n of 3-bute n･2- ol. Itis dedu c edthat thefo r m er r o uteis
pr obable be c a u s eTiO2 a nd ZrO2 m ainly c atalyz edthe dehydr atio n of m o n oalc ohols
(Tables4.3 a nd4.4), altho ugh3-bute n-2- on ew aspr oduc ed withthe s ele ctivityof 10.7
m ol%inthe r e a ctio n of3-bute n2- olo v erTi 02(Table 4.6). In Chapter3, I dis c u s s ed
that the dehydr atio n of 4-hydro xy-2-buta no n e o v erTiO2 a nditis dehydr ated at the
6 1
r e a ctio nte mper atu r e a slo w as160
oC[2 4]. T he pr oduc ed3-bute n-2- o neis pr obably
hydr oge natedinto buta n o n e, a nd it m aybefu rtherhydr oge natedto pr odu c e2
-buta n ol･
2- Buta n olcanbe als oprodu c ed bythehydr oge natio n of 3
-bute n-2- ol･
4- Hydr o xy-2-buta n o n eis e a silyde c o mpo sedintopr opan o n e a n
d fo r m aldebyde
at te mpe r atu res abo v e240
o
C [24]･ T he a c etalizatio n of fo r m aldehyde with
1
,
3-buta n edioleffe ctiv ely pr o c e eds o v e rA 1203, a Sdis c u s s edinthepreviou s s e ctio n･
The dehydr oge n atio n of O Hgr o up at1
-po sitio nin 1,3-buta nediol pr odu c e s
a c etaldol, a ndit w o uld be de c o mpo sed into a c etaldehyde at the r e a ctio nte mpe ratu re･
Thu spr odu c ed a c etaldehyde c o uld bebydr oge natedinto etba n ol･
1･ Buta n ol w o uld be pr odu c ed by the hydr ogen atio n of 3
-bute n-1- ol a nd
2- bute n-1- o1. 2- Buten al is obtain ed bythe dehydr ogenatio n of2
-bute n-1- ol･ Buta n al
c a nbepr odu c ed viadehydr oge n atio n of 1
-butan ola nd hydr oge n atio n of2
-bute n al･
Her e, I su m mariz ethe pr obable r eactio npathw ays fr o m1,3
-buta nediolto
pr oductsdete ctedinthis w o rk a s sho w nin Sche m e4･1･
4.5 Co n clu sio n
T he re a ctio n of 1,3-butan ediolo v er s e v er al c atalysts with difere nt acid
-bas e
pr opertie s was in vestigated･ The c atalytic activity w a s r uled by its a ci
dity･ The
strong a cidsites of SiO2
- Al203 C atalyzed the dehydr atio n of 1,3
-buta n ediol into
u n s atu rated alc ohols, which w as fu rthe r dehydr ated into 1,3
-butadie n e at high
co n v e rsio nle v el. The w e ak a cidic catalysts, Ⅵ02 and ZrO2, pr o m oted n ot o nlythe
dehydr atio n of 1,3-buta n ediolbut als o s e v e r alside r e a ctions such a sbydr ogen atio n a nd
debydr oge n atio n･ As the c o n s equ e n ce, the pr oducts distributio n w
as c o mple x o v e r
the s e catalysts･ Al203 e nha n c ed the de c o mpo sition of 1,3
-buta n ediol into
fo r m aldehyde･ The pr odu c ed fo rm aldehyde a nd 1,3
-buta nediol for med a n a c etal
62
c ompo u nd, 4- m ethyト1,3- dio x a ne.
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Table4･1 Spe cific s urfa c e ar e a a nd cida nd bas epr ope rty ofcatalyst
Catalyst S A
a NHS- TPD C O2- TP D
/m
2
g
-1
T
b
/
o
c A
c
/pm olg
･1 Tb/
oc Ac/pJm Olg
･1
SiO2-A 1203 420
A l203 200
Ti O2 40
ZrO2 100
303 440
345 166
342 30.8
214 10.4
113 333
115 232
a
Spe cific s u rfa c e a re a･
b
Temper atu r e atwhichthede s o rptio npe ak c e nter ed.
c Nu mbe r ofa cido rba s e sites.
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Table4･3 Re a ction of 1-butan olo v erSiO2-A l203, TiO2, a nd ZrO2
a
catalyst ¶∋mp･
b
co n v･ c sele ctivity/m ol%
/
o
c / % 1-bute n ei-2-bute n e c_2_buta n ebuta n al other sd
SiO2- A 1203 225 28.4 24.9 36.0
Ⅵ02 350 11.7 52.7 11.4
ZrO2 350 3.3 59.2 0
32.2 2.8 4.1
15.9 7.5 12.5
0 11.7 29.1
a
T he r e a ctio n w as c arried o ut u nde rfollow i ng c o nditio n s : c atalyst w eight, 0･150 g;
re a cta ntfe edr ate
,
1.7 cm
3h
-1
;carriergas, N之(30c m3 min
-1
).
b
Rea ctio nte mpe ratu re･
c
Co n v e rsio n.
a
others ar edi- n -butylethe r a ndbutylbutyr ate･
Table4.4 Re actio n of 2-buta n olo v e rSiO2- A l203, TiO2, a nd ZrO2
a
catalyst Temp･
b co n v･ a sele ctivity/m ol%
/
o
c / % 1-bute n ei-2_bute n ec -2-btlte n ebuta n o n e othe rs
d
Si O2- Al203 225 76.1 14.4 45.3 37,8
Ⅵ02 350 63.8 31.0 18.4 41.3
1.0
7.5
ZrO2 350 39.2 70.5 7.5 8.9 10.4
1.5
1.8
2.7
a
The r e a ctio n c o ndit o n s a rethe s a m e a stho s ein Table4.3.
b
Re a ction te mper atu r e･
c
Conv ersio n.
d
othe rs a re n otide ntified.
67
Table4.5 Re a ctio n ofu n s atur atedalc ohols o verSiO2-A l203 at250
o
C
a
Re a cta nt Co n y./･% Sele ctivity
b
/m ol%
41.5 18
c
(58.0),16(1 2･8), 5(11･0),ll(6･9),9(5･6)
76.7 16(92.8),5(5･3)
7O.8 16(93.0),2(2･6),12(2･0)
a
The re a ctio n w as c ar ried o ut unde rfollo w i ng C O nditio n s: c atalyst w eight, 0･300g;
r e a cta ntfe edr ate
,
1.7 c m
3h
-1
;carrie rgas, N2(30c m
3
min
-1
).
b
Nu mber s ofthe r e a cta nts a nd ofthepr odu cts e x c ept18ar ethe sa m e a stho s ein Table
2
,
a nd n Ⅵmbe rsinpar e nthe s e sindic atethe s electivity･
c
Pr ope ne･
Table4.6 Re a ctio n ofu n s atu r ated alcohols o v e rTi02 at37 5
o
C
a
Re a cta nt Co n y./% Sele ctivity
ち
/m ol%
38.2 16(5 0.0),13(1312),9(11･4),5(8･1),6(4･0)
53.3 16(71.3),5(11･9),9(3･3)
70.2 16(70.2),4(10･7),10(4･0)
aT he re a ctio n c o ndit o n sarethe s a m eastho s ein Table4.5 e x ceptfo rthete mpe r atu re･
b
Nu mbe rs ofthe rea ctants and ofthepr odu cts ar ethe sam e as tho sein Table 4･2, a nd
n u mbe rsinpa r e nthe s e sindic atethe s ele ctivity･
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Cぬ訊P息e r5
鼠e 盈C息畳o 弧 0野且,3-馳覗息a 皿e姐息o且ov e TCeO2
5｡且 Ⅰn息r odu c朗o m
CeO2is a nimpo rtant c o mpo n e nt a sthe s uppo rt ofthr e か W ay C atalyst, whichis
s er v edto de c o mpo s ethe e xha u st ofa uto m obileinto n o nto xic C O2, N2 a nd H20. Itis
also u s edinthe o rga nic synthesis s u ch a sdehydr oge n atio n ofethylbe n z e n einto styr e n e
[1], o rtho -s ele ctiv e alkylatio nphe n ole mployingalc ohols asthe alkylatio n r e age nt【2-4]
a nd sym m etric keto n efor m ation fr o mprim ary alc ohols[4-10]and c a rbo xylic a cid
[11-14]･
As m e ntio n ed in Chapte r1, CeO2 effe ctiv ely activ ate s 1,3･diols in the
for m atio n of u ns aturated alcohols [15-17]. It is w el kn o w nthat alc ohols a re
dehydr ated with acid and ba s e c atalyst[18]. As sho w nin the pre vio us chapte r,
ho w e v e r
,
s olida cidc atalysts are n otsuitablefo rthe effic e ntpr odu ctio n ofu n s atu r ated
alc ohols fr o m 1,3- B D O: side re actions s u ch a sdehydr oge n atio n, de c o mpo sitio n,
c o n se c utivere a ctio n ofpr odu c edu n satu ratedalc oholsde cr eas ethe s ele ctivityto the m.
Itis c o n sider ed that r edo x pr ope rty of CeO2 Plays a cr u cial r oll in the
dehydr atio n of 1,3-diols[15-17], andthat o xyge n-defe ctsite of m o ststable CeO2(111)
surfac e w o uld bethe a ctiv e sitefo rthedehydr atio n of 1,3-diols[17]. Ho w e v e r, ther e
ar e s o m equ e stio n s :(i)is re ally(111)s u rfa c e a ctiv efo r1,3-diols dehydr atio n?(･ii)ho w
m a nydefe cts e xist o nCeO2 S u rfa c e? a nd(iii)do es1,3-diols ads orb o n o xyge n-defe ct
site of CeO2(111)?
Inthis chapte r, in o rdertoin v e stigatethe abo v eiss u es, thefa cto rsthat affe ct
the c atalyticperfo r m a n c e of CeO2 a ndthe a ctiv e sitefo rthedehydratio n of 1,3-diols a re
disc u s s ed. 1,3- B DO is u s ed a sthe r epre s e ntativ e of1,3- diol. Furthe rm o re, the
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r e a ctio n m e cha nis m of 1
,
3-diol dehydr atio n o v e rCeO2 is als o dis c u s s ed･ CeO2
c atalysts with differ e nt spe cific su rfa c e ar e a ar e e mployedto c o nfir mthe effe cts o n
c atalytic perfo r man c e･ Co mputation alte chniqu e sbas ed o nDe n sityFu n ctio n al The o ry
(D F T)a nd Pair ed lnter a cting Orbital(Plo)the o ry ar ealso u s ed to in v e stigate the
ads o rption of 1,3- B D Oa ndr e a ctio n me cha nis m, r e spe ctiv ely･
5.2 Expcrim c nta1
5.2.1 Chara cteriz atio nofCeO2Sa mple s
x -ray diffra ctio npatte r n s we re re c orded o n aX R D 7000(Shim adz u, Japa n)
withthe Cu- Kα radiation(九 = 0.15 4n m)asthe X-r ays our c e･
T he spe cific s u rfa c e a re a ofthe c atlyst w as c alc ulated withthe B E Tequ atio n
u s i ngis other m ofthe N2 ads o rptio n aト1 96
o
C･ T he aver agepa rticle size ofthe CeO2
w as estim ated withequatio n, D = 6/(S x d)(Eq･(1)), whe r eD, SA a ndd w er e a v e rage
particle siz e, spe cific s u rfa c e a r e a and de n sityofCeO2(d - 7･1g c m
-3
), r e spe ctiv ely･
Te mperatu r e-pr ogra m m ed redu ctio n(T P R) was m e a s u r ed u nderfol o wing
pr o c edur e. A bo ut 30mg of CeO2 W a sfix edin the qu arts tube･ T he H2m 2(H2
c . n c e ntr atio n of 10v ol. %)mix ed ga s w asflo w ed at the r ate of 10c m
3
min
-l
･ T he
catalystbedw a sgradu alyhe ated fr o m25to900
o
C at the he atingr ate of5 K min
-1
a nd
H2 C O n S u mptio n w as m o nit r ed with T C D･
Tr an s mis sio nele ctr o n micr o s c opy(T E M,J E M-2 01 0,JEO L)w a s e mployedto
obs e Ⅳethe m o rphologyofCeO2particle sinthe s a mple s c alcin ed at500a nd 10 00
oC･
5.2.2 Catalytic r e a ctio n
ceo2 C atalysts e mpl･oyed in this study w er e sup plied by Daiicbi Kige n s o
Kagaku Kogyo Co･, Ltd･ Allthe catalysts w e r e c alin ed at500
-100 0
o
C befo re the
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e xperim e nts to c o ntr olthe spe cific s u rface a re a a nd particle siz e of CeO2. The
re a ctio n s w er e c a rried o ut with c o n v e ntio n al fixed-bed do w n-血o w re a cto r u nder
atm o sphe ricpr e ss u r e. Prio rto the r e a ctio n, a CeO2Sample(0.5-2.Og)w a spr ehe ated in
the flo w re a cto rin N2 ga sno w at500
oC forlh･ After the catalystbed had be e n
c o oledatthe pr es cri bedte mpe r atu re, re a cta nt w a sfed intothe r e a ctor at aliquidflo w
rate of 10c m
3h
- 1
togethe rwitha nN2flo w of 30c m
3 min
･1
･ Effluentsample s collected
pe riodic ally w ere an alyz ed by gas chr o m atography(GC-9 A, S him adzu, Japa n)with a
c apilla ry c olu m n of T C- W A X(30m , G LScie n c eln c, Japa n)o v e r ate mpe r atu re r a nge
c o ntr olled fr o m60to200
o
C atahe atingrate of1 0 Kmin
1
･ Ga s e ousprodu cts s u chas
1
,
3･butadie n e w e re a n alyz edbyo n-lin egas chr o m atogr aphy(GC･8A,Shim adz u)witha
1- m pa ckedc olu m n(Po r apakQ)･ Sin c ethe c atalytic a ctivityis stable, a s repo rted in
Ref･ 【16], both the c o n v e rsio n of 1,3-BOO a ndthe s ele ctivityto e a ch pr odu ct a r e
a v e ragedintheinitial 5 hto e v alu ate the c atalytic a ctivity.
5.2.3 Calc ulation m ethod
5.2.3.1 D F Tcalc ulatio n
D F Tc alc ulatio n w a spe血 - ed u slng D Mol
3
pr ogr a m m o u nted o n M S
Modeling 3.0 package [1 9,20]. Ea ch CeO2(111)s u rfa c e m odel w asge o m etric ally
opti miz ed at
.
the le v el of the lo c al de n sity appr o xim atio n (L D A) using
Vo sko- W ilk- Nu ss air(V W N)fu n ctio n al[21]. Als odo uble- n u m eric-polariz ed(D N P)
basis s etis u s ed[19,20], which is eqtliv ale ntin a c c u r a cyto6-31 G** double z eta clas s
Gau s sian orbital basis set. Total electr onic e n ergy c o n v e rge n c e criteria in the
ge o m etric al optimiz atio n were s etto lO
‾4
a.u. (1 a.u. ≡ 2625.5 kJ m ol
‾1
)a nd the
l
s elf- c o n site ntfield(SC F)con v e rge n ce criteria dming geom etric al optimiz atio n w er e
s et to 1 0
-4
a･u･ only the r point in the Brilo uin-z o n e w as s a mpled･ Using the
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optimizedm odels, a single
-pointele ctr o nic ene rgyc alc ulatio n w a s e xecuted at thele v el
of ge n e r aliz ed gradie nt appr o xim atio n(GGA) of Perde w- Bu rke- En zerhof(P B E)
fu n ctio n al[22]. D N Pba sis s ets w ere als o u s edasinthe c as e ofgeo m etry optimization･
S C Fc o n v e rgen c e c riteria of G G Aelectr o nic c alc ulatio n w e r e s et to 10
-5
a･u･
Brillo uin -z o n eintegr atio n waspe血 r m edu sing2×2×1 Mo nkhor sトPa ckgrid[23】･
ceo2(111)su rfa c e m odelw a s c o n str u cted a sa slab-gap m odel[24]･ First,the
optimizedbulkstru ctur eis sliced alo ng withthe specified pla n e･ In the n e xt s
tep,
e mpty spa c占 that ha s adequate height is c re ated alo ng with z
- a xis a nd o nly 2 D
pe riodicityis take ninto a c c o u nt･ Ou r slab m odel had six
-layerthickn e s s a nd the
heightofthe emptyspac e w as s et to 10A･ The n,lattic epa r a m ete rs ofthe m odel, as
sho w nin Fig. 5.7, w ere a - b - 15.304A, c = 14.684A, a - 60･00degr e e, a ndP - y -
90･00 degr e e･ T he s e pa r a m ete rs w e re fix ed du ring folo w i ng ge o m etric al
optimiz atio n.
5.2.3.2 PI Oc alc ulatio n
pIOtheory pr es e nted byFujim oto et all [25,26]are ex e c utedto a n alyz ethe
o rbital intera ctio n sbetw e e n1,3- B D Oa nd CeO2(111)su rfa c e with optim u mgeo metry
obtain ed by D FT c alc ulatio n･ A nthe Ploc alc ulatio n s a r eex e c uted with qua ntu m
chemic al application s oftw ar eL U M M O X
T M
[27]･ Ploc alc ulatio n s s u c cessfully
e mployed to c o nfir m the inter a ctio nbetw een the tw o s ubstrates a nd to dete rmin e
qu a ntitativ ely 也e inter a cting o rbitalthatplayed a nimporta nt r oll in cbe mis orptio n
[28-31]. T he m ole c ular o rbitals ar edete r min ed by Exte nded Htickeltheory, a ndthe
Extended H tickelpa ram ete rs[32,33]us ed inthis studyar elisted in Table1 of Ref･【1 7]･
The algo rithm of Plothe o ryis su m m arized inliteratu re s[25,26,2 8131]･ PIOtheo ry
qu antifie stheimpo rta n c e of PIOsbetw e e ntw ofr agm e nts, A a nd B･ I
n this study, A
7 6
a nd Ba re1,3･ B D Oa nd CeO2(111)su rfa c e, r e spe ctiv ely. Theimpo rta n ce of PIOsis
e v aluated by eigen v alu e(E V), a nd PIOs ar elabeled as PIO叫 Whe re n m e a n sthe
s equ e n c e oftheimpo rta n c e of PIOs:PIO-1 isthe mo stimporta ntPl oa nd PIO-2 isthe
s e c o nd m o stimpo rta ntPIO･ Valu e ofo v erlap population(O P)ev altL ate Sthe attr a ctiv e
orrepulsiv e r ole that thePloplaysinthe ads o rptio n syste m :PIOwithpo sitiv eO Pplays
attr a ctiv e roleinthe ads o rptio n, alte r n ativ elyPlo withn egativ eO Paffe cts repulsiv ely･
5.3 汲e s Ⅶ且ts
5･3･1 Chara cteriz atio n of CeO2 Catalysts c alcin ed at diHerent
tempe ratu res
Table5･1s u m m ariz e sthe spe cific s u rfa c e ar e a, SA, the a v er ageparticle siz e, D ,
of CeO2 C alcin ed at differ e nt te mper atu re. W ith in c re a si ng th8 C alcin atio n s
tempe r atu re,SA of CeO2de cr e a s ed wher e a sD in cr e a s ed.
Fig. 5.1 sho w sthe X R Dpr ofile s ofthe CeO2 with differe nt c alcin atio n s
te mpe r atu re. Allthe pe aks w er eide ntifed fr o mthe nu orite stru ctu r e of CeO2. The
diffr a ctio npe aks ofthe CeO2be c a m e sharp with de cr e a sl ngS A,i.e.inc re as ingD .
Fig.5.2sho w sthe TP Rpr ofile s ofthe c atalysts. T he r edu cibilityof CeO2 W a s
str o nglydepe nde nt o nSA. Thr e eH2 C O n S u mPtio npeaks ar e obs e rv edinte mpe r atu r e
r a nge s of <30, 300･6 00, a nd >600
o
C･ The pe aks at <600
o
C in cr e a s ed with
inc re a slngtheSA, whe r e asthe peakat >600
o
C slightlyde c re a s es, T he r edu cibilityof
●
CeO2 Sa mple sis su m m ariz ed in Table5･1･ T he H2 c o n s u mption w a s n o r m aliz eda sthe
quantityof Ce
3＋
intheT P Rpro ces s･ Inthe T PRproce s s, 30-40% oftotal Ce
4＋
c ations
w er er edu cible. T he r edu cibilityat <600
oC in cr e a s ed with in cr e asi ngSA･ Itsho uld be
■
i
m entio n ed that the te mpe ratur e at which reduction begins beco m eslo w erwith
in c re asi ngSA. The redu ctio nbegins at c a. 200
o
C o nthe s a mple c alcin ed at50
oC
,
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whileitste mpe r atu rein c re as e sto c a･ 35 0
o
C o nthe s a mple c alcin edat100
oC･
Figs･5･3 and 5･4 e xhibit the T E Mim ages of o nthe s a mple c alcin
edat500 oC
a nd 10 00
o
C) respe ctiv ely･ Theparticle siz es of CeO2 e stim ated fr o mFigs･ 5･3
and 5･4
w e r e7.2 a nd53.0 n m, r e spe ctiv ely･ T hepa rticle of CeO2 C alcin edat500
o
C sho wed
spheric alshape, wher easthat c alcin ed at10 0
o
C lo okedrbombic-like sbape･
5.3.2 Rea ction ofl,3-B D Oov e rCeO2
Fig･ 5･5 sho ws cha nge sin c o n ve rsio nands ele ctivity with SAindehydr atio
n of
1
,
3- ちD Oat325
o
C･ Table5･2 als o s u m mariz e sthepr odu ctdistributio ninthe re a ctio n･
In the dehydr atio n, m ajo r Pr odu cts we r e3
-bute n-2- ol a nd tr a n s･2 加te n-1･ o1･
By-pr odu cts s u ch a s metha n ola nd ethan ol w er e obtain ed, while n o1)3
-butadie n e w as
dete cted. The c o n v er sio n of 1,3- B D O in cr eased within c r e a si ngSA, a nditr e a ched a
◆
m axim u m v ahe of 35.8% at 74m
2
g
-1
･ The s ele ctivity to the u n s atu rated alc ohols
de cr e as ed with in c reas ingSA･ T he su m ofthe sele ctivitytothe u n satu rated alc ohols
●
e xceeds 97% at13m
2
g
-1
･ By-pr odu cts w er er a rely pr odu c ed at1 3m
2
g
-1
,
but the
a m o u ntsin cr e as ed within c re asi ngSA ･ Intrin sic a ctivityba s ed o n u nits u rfa c e a re a, the
spa c e-tim e-yield(S T Y)ofu ns atu r ated alc ohols, w a s e stim ated withthe re a ctio n r esults･
T he S TY valu edr a stic allydecr eased with in cre a singSA･
5.3.3 Inv e stigatio n of1,3-B D Oadso rption on CeO2(111)surfa c ewith
D F Ta nd PI Ocalc ulatio n s
Fig.5.6sho w sthe structu r e ofCeO2(111)surfa c e e mployedin D F Tcalc ulatio n･
Fig. 5.7 depictsthe optimiz ed stru ctu re ofoxyge n
-defe ctintr odu c ed o nthe CeO2(111)
s u rfaceinthe D FTc alc ulatio n s. T he r ela xatio n ofthe s u rfa c e w as obs erv ed:thethird
laye r0
2-
a nio n s ar o u ndthe o xyge n-defe ct w e r e m igr atedto w a rdthe o xygen
-defe ctsite
,
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while the s e c o nd laye rCe
4＋
c atio n s a r o u ndthe defe ct m igr atedto w ardthe oppo site
dire ctio n･ The rela x atio nofthe o utm o sts u rfa c eO
2･
a nio n s w a shardlyobs erv ed.
T he ads o rptio nge o m etry of 1,3- B O Oo nthe o xyge n-defe ctsite ofCeO2(111)
surfa c e w a sin v e stigated. Tw o optimiz ed stru ctu r e s w e re obtain ed fr o mdiffe rent
sta rting ge o m etrie s for the calculations, a s sho w nin Figs. 5.8 a nd 5.9. The
n o m e n clatur e ofthe ato m sin 1,3-BD O w a sdefin ed a s sho w nin Fig. 5･10･ The
ads orptio n m odes sho w nin Figs･ 5.8 a nd5.9 w er edepicted asStr u ctur e s1 a nd 2,
re spe ctiv ely･ IntheStr u ctu re1,tw o oxygen ato m sinI,3- B D Ointer a cted withtw oCe
l
a ndCe
3
calions. Ho w e v e r,intheStr u ctu re2, H
2α
ato m a c c e s s ed C2 c alio nin addito n
totheinter a ctio nbetw e e ntw o o xyge n ato m sin 1,3- B D Oa nd Ce
l
a nd Ce3 c alio n s as
obs e rv ed in Str u ctu r ei. Another signific ant diffe r e n c ein the str u ctu r e s w asthe
▼
m ole c ula r str u ctu re of I
,
3-Bo o: the mole cule in Str u ctu re 1 islin e ar, a ndthatin
Str u ctu r e2 w as ringedthrough hydroge nbo ndingof O Hgr o ups. Thedista n c einthe
●
hydr oge nbonding ofH
l
- o3 w a s1.884A, which w aslargertha nthe bo nd le ngths of
C- 0 a nd C･ C. Table5.3listedthe structu r eparam eter of fre e a nd ads o rbed 1,3- B DO
(Stru ctur es1 and2)･ The ads o rptio n e n e rgies ofthe1,3- B D Oo ntothe o xyge n-defe雪t
sitein Str u ctu r es1 a nd 2w ere -98.8 a nd -102.7 kJ m ol
-1
,
respectively(Table5.4). 1n
str u ctur e1
,
the elo ngatio n of C
2
- H
2α
bo nd by0.013Aafte rthe ads o rptio n, wher e a s n o
str etchingofC-0bo nds w a s obs e rv ed･ In Structu re2, thebo nd le ngths of C
l
- o
l
and
c
3
- o
3
w er e elo ngatedtogethe r withthe elo ngatio n of C
2
- H2α bo nd
,
whilethe otherbo nd
le ngths w e r e r ar elycha nged befo re a ndafterthe ads o rptio n.
A (Ce9036H26)
12-
clu sle , m odel is built fr o m Stru ctu re2 fo rthe Plo
c alc ulatio n s a ndthre e c ut- o utpla n e s(Ⅰ)-(ⅠⅠⅠ)w e redefin ed, a s sho wnin Fig. 5.ll, to
obs e r v ethe orbital inte r a ctio nsbetw e e ntw o o xyge n ato m sin 1,3- B D Oa nd Ce c atio n s,
betw e e nH
2α
a nd Ce
2
a nd betw e e nC
l
- o
l
a ndCe
l
,
re spe ctiv ely･ Fig･ 5･1 2exhibitsthe
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c o u nte r m aps ofPIO-1 to 6･ PIOs 1
-6 repr e s e nted theinter action betw e e n o xyge n
ato m sin1
,
3･ B D Oa nd Ce c ation s(Fig. 5.12a-i)I PIOs1-4sho w edin-phaseinte r a ctio n
betw e e n1,3-B D Oa nd(Ce90｡6H26)
12‾
clu ste r. In the PIO-3, o uトof-pha seintera ctio n
betw e e n01 a nd C
l
indu c ed byin-phas einte r a ctio nbetw e e n0
1
and ee
l
w as als o
obs e rv ed a s sho w nin Fig･ 5･12g･ Pl o-5depictedthe o ut-of-pha seinte r a ctio nbetw e e n
H
2α
and C
2
, which w asindu c ed byin-phas einte ra ctio nbetw e e nH
2α
a nd Ce
2
(Fig･
5.1 2h). In c o ntr a st toPlo-5,the o ut- of-pha s einte r a ctio nbetw e e nI-
2α
a nd C2inPlo-6
w a s n ot obs e rv ed
,
althoughin-pha s einter a ctio nbetw e e n=
2α
a nd Ce
2
w a s c o nfir m ed
(Fig. 5.12i). The E V, O Pa ndL C A Or epr es e ntatio n ofPIO-1to6 w er elisted in Table
5.5.
The ads o rption of 1,3- B D Oo nCeO2(111)s urfa c ewitho ut the oxyge ndefe ct,
n a m elystoichio m etric su rfa c e, w as als oin v e stigated･ Fig･ 5･13sho w sthe opti miz ed
str u ctu r e ofthe1,3- B D Oo nthe stoichio m etric CeO2(111)s u rfa c e(Stru ctu re 3)･ The
ads o rptio n e n ergyof Str u ctu r e3 w as
- 82.7 kJm ol
-1
(Table 5･4). The str u ctu re
pa r a m eter of Stru cture3 w a s als o su m m a riz edin Table5･3･ In Stru ctu r e3, 0
-H bonds
in1
,
3- B D Oar e elo ngated.
Additio n ally, the ads o rptio n of 1- a nd 2-buta n ol o n o xyge n-dete cted a nd
stoichio m etric CeO2(111) su rfac e is inve stigated with D F Tc alc ulatio n s･ T he
ads o rptio n e n ergl eS Of 1
- a nd 2-butan ol, together with tho se of 1,3- B D O, o n
o xyge n-defe cted and stoichio m etric CeO2(11)su rfa c ear e s u m m a riz ed in Table 5･4･
T he adsorptio n e n ergie s Ofthe m o n o
- alc ohols w e r e s m alle rthanthos eof 1,3- B D Oo n
both o xyge n-defe ctsite and stoichio m etric surfa ce of CeO2(111)･ Figs･ 5･1 4a nd 5･15
e xhibit the ads o rptio n stru ctu r e of l･ a nd 2
-buta n ol o n o xyge n-defe ctsite of CeO2(111),
r espe ctiv ely･ The 1
- a nd 2-buta n ol lo c ated o n o xyge n-defe ct site a sfilling the
o xyge n-defe ctpoint with 0ato m sinthe m･
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5.4 D畳sc 覗SS畳o m
5･41 Defe ctsites ofCeO2 With di#e re ntparticlesizes
lt is kn o w nthat o xyge n defe ct sites existin a CeO2 Particle witho ut the
redu ctio nby H2 [34,35]: the c o n c e ntratio n of oxyge n defe ct site sin cr e a s e s with
de cr e a si ngthe CeO2Pa rticle size･ Ko s a ckietal･ ha v e reported a relatio n shipbetw e e n
the c o n c e ntr atio n of o xyge ndefe ct, N, a ndthe e nthalp yof fo r m ation ofo xy ge ndefe cts,
A H
,
at thete mpe r atur e, T, asfollo w s[34]:
N = Noe xp(AH/3kT) (2)
whereN()a ndkar ethe c on ce ntr atio n ofo xyge n ato m sin CeO2lattic e, No = 4.99 ×10
2 2
cm
-3
,
a nd Boltz m a n nc o nstant, r espe ctiv ely･ Ther efo re, it c a nbe described with
a rra ngingEq.(2)asfollo w s:
N5 98- No(N300/No)
300/5 98
(2
'
)
wher eN300and N598a r ethe c o n c e ntr atio n of o xyge ndefe cts at 27
oC a nd 325oC
,
respectiv ely･ Usingthe reported v alu e of o xyge ndefe ct c o n ce ntr atio n at27
oC
,
N300
[34],the c o n c e ntr atio n of o xyge ndefe ct at the r e a ctio nte mper atu re of 325
oC
,
N598, is
e stim ated. Assu m i ng that the o xyge n defe cts e xist ho m oge n e o u slv within CeO2
◆
particle, the s u rfa c ede n sity ofo xyge ndefe cts pe r u nit s u rfa c e a re a at325
o
C
,
Ns
,
is
e stim ated withthefわllo wingEq.(3):
Ns = N598 × F/(dX SA) (3)
whe reF isthefractio n ofs u rfa c e o xyge n ato m sinthe CeO2 0 Ctahedr alparticle sho w n
in Fig.5.1 6. Itisdefin ed asfollo w s:
F = 丑 幽
T hetotalnu mber ofo xyge n ato m sin CeO2Particle
2 2 2n2 - 2n ＋1
∑n
2
＋ ∑(”-1)
2 1/3×(2〝
3
…)
(4)
wher e ”isthe n u mbe r of o xyge n ato m s o nthe side of(111)s u rfa c e, a ndis relatedtothe
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particle siz e, D n m(Fig.5.16), andc a nbede s cribedasfollo w s :
D = 0.383×2
la
x(” -1) (5)
Table5.6s u m mariz e sthe c alc ulatio nr e s ults ofthefractio n ofs u rfac e o xyge n ato ms, F,
the c o n c e ntr atio n, N598, S u rfa c ede n sity' Ns, a nd s u rfa c efr actio n ofthe o xyge ndefe ct
site s
,
C
,
at325
o
C. Itis r e a s o n ablethatboths urfa c eden sity, Ns, a nd s u rfa c efr a ctio nof
o xyge ndefe ctsites, C, de c re as e withinc r e a slngthe CeO2p
article siz e･
5.4.2 C hara cteriz ation of CeO2 C atalysts c alcifWd at diHer ent
l
te mpe r atu r e s
The physic al propertie s of CeO2 C alcin ed at diffe r e n
t te mpe r atu re s a re
s u mm a riz ed in Table 5･1: the spe cific s u rfa c ear e a ofthe c atalysts de cr e a s e swith
in c r easi ngthe c alcin atio n stempe r atur e, which is c a u sed bythe aggr egatio n o
fthe CeO2
●
particle･ Itis obs e rv edthat the pe aks of X R Dpr ofiles sha rpen with in c r e a sl ng
the
c alcinatio n ste mpe r attlr e(Fig. 5.1), whichap pa r e ntlyrene ctsthe crystalgr o wthof CeO2･
T he T E Mim age s of CeO2 C alcinedatlo w a nd hightempe r atu re ap pa r e ntly e xhibi
t the
aggr egatio n ofCeO2Particle s(Figs･ 5･3 a nd 5･4)･
The cha ngeinthe shape ofthepa rticleis als o c o nfir m ed fr o m sphe ric
alpa rticle
to rho mbic shape･ Wa ng et all in ve stigatedthe cha nge in the shape of the CeO2
pa rticle s withdifferentsiz e[3 6]･ They repo rtedthat CeO2Particle who s e siz e ra nged
3-10n mis c o mpos ed oftr u n c ated o ctahedralshape enclo s edby(100)a nd(111)fac ets,
where a sitbe c o m e octahedr ale n clo sed o nlyby(111)fac et within c re asingthe particle
siz e. T hisphe n o m e n o nis c a u s ed byr apidgr o wth oftheparticle alo ng
<100>, which
r es ults in the dis ap peara n c e of (100) fa cet･ It is r e a s o n able to c on sider that
ceo2illl)fa c etsbe c o m epr edo min a nt o n s u rfac ebeca u s e s e v er alr e s e ar chers r eported
that(111lfac etsfo r mthe m o ststable s u rfac e s a m o ng othe rfa c ets ofCeO2[36
-40]･
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Se v e r alr e s e a r che rsha v e reportedthe redu cibilityofpu r eCeO2du ringthe TP R
pr o c es s[41-43]･ Br u c e et al. repo rted that the TP R of CeO2 with diffe re nt SA:
reductio npe ak obs e rv ed at <700
o
C ha s alin e arc o rrelatio n withSA[41,42]. Thisis
c oin cide nt withthe pre s e nt re s ults(Fig･ 5･2). Inthe T P Rprofile s, the redu cibility of
CeO2by usingH2 CO n S u mPtio n w as c al ulated(Table5.1). The redu cibility m e a s u r ed
byH2 C O n S u mPtio n at <6 0
o
Cis r o ughlypr opo rtio n altoSAa ndF(Table5.6). Thus,
the T P Rpe aks at <60
o
C c a nbe a ssign edto bethe r edu ctio n of s urfa c eCe
4＋
. In
addito n, itis obvio u sthatthe T P Rpe ak at >60
o
C is c a u s ed bythe r edu ctio n of Ce
4十
inthet) ulkCeO2,
In Sectio n5･3.1
,
it w a s sho w nthat thete mpe r atur e at which redu ctio nbegins
● ●
be c a m elo w e r with in cr e asi ngSA,i.e. de cre a slrlgD. Thisis e xplain ed bythefa ctthat
e nthalp yof for m atio n of o xyge ndefe ct site sde cr e a s e swith dec re as ing the CeO2
t
pa rticle siz e[34]･ The n u mber of defe ct site s als o in cr e a s eswith in c re asing
te mpe ratu r e(Eq.2). In Table 5.6, both the s u rfa c ede n sitya ndthe s u rfa c efr a ctio n of
o xyge ndefe ctsites at325
o
Cin c re as e within cr e a si ngS Aofthe CeO2･ In partic ula r,
the s u rfa c efr a ctio n of o xyge n defe ct site s, C (the last c olu m nin Table 5.6), is
pr opo rtio n alto SA. In the la rge st CeO2 Particles, o xyge n- defe ct site s with s m all
de n sitya re m o sqy ontheilll)fac etsbe c a u s e(111)fac ets w o uld be pr edomin a nt o n
the la rge CeO2 Pa rticle, asdis c u s sed in the pr e vio u s s e ctio n･ h c o ntr a st, in the
s m allest CeO2Particles, the defe cts with high de n sity ar e o nthe wholefa c ets･ In any
c a s e
,
itis r e as o n able thatCeO2S a mple s a rehighlyr edu c ed u nderthe re a ctio n c o ndito n s
te sted inthis w o rk. T he c o rr elation betw e e n r educibilityof CeO2 a nd c atalytic a ctivity
will bedis c u s s ed inthefollo w ingSe ctio n.
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5.4.3 Reactio n oil,3-B D Oo v er CeO2
The r ea ctio n of 1,3-buata n ediol w as carried o ut u si ng CeO2 With differ e n
t
●
pa rticle siz e･ T he c o n v ersio n of 1,3
- B D O in cr e a sed with in cr e as lngSA, whe r e a sthe
s ele ctivity to u n satu r ated alc ohols, m ainly 3
-bute n-2- ol a nd trams-2-bute n-1- o1,
in cr e as ed. The in c re as ein the u n satu r ated alc ohols sele ctivityis attributed by the
s uppre s sio n of by
-pr odu cts pr odu ction su ch as m etha n oland etha n ol(Fig･ 5･5)･ The
>
*
ST Yofu n s atu r ated alcoholsin c re a s edwithin c r e as l ngSA〉in othe r w o rd,de cre a si ngthe
particle siz e of CeO2' D ･ T he s e re s ults obvio u slyindi
c ate that the a ctive site for
dehydratio n of 1,3
- B D Ointo u n s aturated alc ohols in c re a s ewith inc re as i ng D ･ As
dis cus sed in the pr eviou s s e ctio n s, the increase in D dr as
tic aly affe cts the s u rfa c e
m orphologyof CeO2:(111)fac ets be c o m epr edomin ate o nthe surfa c e a ndthe n u mbe r
of o xyge ndefe cts de c r e a se･ Thu s, itis dedu c edthat(111)fac ets a re a ctiv efo rthe
dehydr ation of 1,3-buta n edolinto u n s atu ratedalc ohols･
5.4.4 In vestigation ofthe adso rption site oil,3-B D Oo nCeO2(111)
In the pr e vio u s s e ction s, itis dedu c edthat(111)fa c ets ar eactive forthe
dehydr atio n of 1,3-buta n edolinto u n s atu rated alcohols･ The n, the
ads orptio n of
1
,
3-B D Oon o xyge n-defe ctsite a nd stoichio m etric CeO2(111)surfa c e w a sinv estigated
be c aus e o xyge n-defe cts sho ulde xist o nCeO2(111)s u rfa c eto s o m e e xt nt(Table5･6)I
D F Tis a po w e rfulto olto in vestigate the ads orptio n str u ctu re of
chemical
c o mpo u nds o nthe m odeleds u rfa c e, be ca u s eD F Tc a ntake c or
r elatio n-e x cha nge e nergy
hto co nsider atio n, whichis e s s e ntialin orderto e stim atethe a c c u rate ads o rptio n e n e rgy･
Inthe calc ulatio n s, w ell-o rde r edsurfa c ethathadn odislo c atedlattic epa rtsis e mployed,
altho ughthey ofte n a ct a sa ctiv e sitein c atalysis[49]･ Figs･ 5･3 and5･4 sho w T E M
im ages ofthe m o stin a ctiv e a nd a ctiv eCeO2 C at
alyst, re spe ctiv ely･ Beingjudged fr o m
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the seim age s,the s u rfa c eofthe m o st a ctiv eCeO2isnat c o mparedtothat ofles sactiv e
o ne･ Ifthe c o o rdin ativ ely u nsatu r ated site s s u cha s step, te rr a c e a ndkink w er e a ctiv e
fo rthe dehydratio n of 1,3- B D O, CeO2 withthe s m alle st particle w o uld bethe m o st
a ctive fo rthe re actio n, c o ntr a ryto the actu alr es ult. The r efo r e, itis c o n sider edthat
stoichio m etric o r o xyge n-defe ctsite o n atCeO2(111)su rfa c epr o videsthe a ctiv e site.
The ads o rptio n e n e rgyof 1,3･ BDO o n stoichio m etric a nd o xyge n-de
lfe cted site
of CeO2(111)islisted in Table5.4. T he e nergyofads o rptio n o n o xyge n-defe ctsitei$
large rtha nthat o n stoichioITletric surfa c e. Thisindic ate sthat 1,3- B DO prefer ably
adsorbs o n o xyge n-defe ctsite of CeO2(111). Tw o ads o rptio n str u ctu r es of1,3･ B DO o n
o xygen -defe ct site w ere obtain ed a s sho w nin Figs. 5.8 a nd5.9, n a m ed a sStr u ctu re1
and 2) r e spe ctiv ely･ Str u ctu r e2 is m or estable than Structu re1 by3･9kJ m ol
･1
･ It
als o sho uldbe n otedthatC
l
- o
1
,
c
3
- o3 a nd C
2
- H2
α
bo nds a re elo ngated afte r ads orptio n
inthefo rm ofStr uctu r e2(Table5.3). This re s ultsuggeststhat the s ethre ebo nds ar e
a ctiv atedbythe ads orptio n o ntothe o xygen-defectsite of CeO2(111)s urface, and it als o
sho uldbe m e ntio n edthat the s e a ctivated bo nds a re w ellc oin cide nt withthe re a ctio n
r e s ult: 3-bute n-2- ol a nd tr ams-2-bute か1- ol are s ele ctiv ely pr oduc ed o v e rCeO2. In
o rderto obtain 3-bute n-2- ol fr o m1
,
3- B D O
,
the cle a v age of C
l
- o
l
a nd C
2
- H
2α
bo ndsis
r equir ed, a nd in the s a m e m a n n e r, that of C
3
- o
3
and C2- H
2α
bo nds cle a v age sho uld
o c c u rto pr odu c etr a m s-2･bute n
- トoュ. He n c e, its uppo rtsthat a n o xyge n- defect site of
CeO2(111)isthe a ctiv e site ofthedehydr atio n of 1,3-btu an ediol･
PIOc alc ulatio n s wer e e x e c uted in o rderto in v e stigatethe o rbital inter a ctio n
betw ee n 1,3- B DO a nd CeO2(111) su rfa c e. Fig. 5.ll sho w sthe (Ce9036H26)
12‾
clu ste r-1
,
3- B D Oads o rptio nstru ctu r e, which is m odeled fr o mStru ctu r e2, forthePlo
calculatio n. As kn o w nge n er ally, tw oCe
4＋
c atio n s ar e r edu c edto Ce3
＋
o n e sper o ne
o xyge n-defe ct fo r m atio n･ T he cha rge ofthe clu ster,
-12
,
a ss u re sthat tw o ofnin eCe
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c atio n s ar e charged＋3a ndthe othe rs ar e＋4inthePIO c alc ulatio n･
T hein -pha s ea nd o ut
- of-phaseinter a ctio n sbetw e e n o xyge nato msin1,3
- B OO
a nd Ce c ati｡ n s a reobs e rv ed in plo -1 to 4(Fig. 5.12a-d)a nd Plo-5(Fig･ 5･12e),
r e spe ctiv ely･ It can be c o mprehe nd whethe rth
e PI O is in-phase o r o uトof
-pha s e
inter a cti. nbqtw e e n1,3- B DO a nd(Ce903 6H26)
12-
clu ste rfro m O Pofe a chPlo:the O P
v alu e sof PIOs1-4 a repo sitiv e, where as that of Plo
-5 is negativ e(Table5･5)･ T hu s,
pIOs 1-4 repr e s e nt that1,3
-ちD Ois a ncho red o nthe o xyge ndefe ct site of CeO2(11)
s u rfa c ebytheinter a ctio nbetw e e ntw o0 atom s a nd Ce c atio n s･
pIO-3 als o sho w sthe o uトof-phaseinte r a ctio nbetw e e n0
1
a nd C
l
,
i･e･ 2py
o rbitalof 0
1
ato misinte racting withoppo sitephase of 2pyo rbitalofC
l
ato m(6thr o w
in Table 5.5)A Plo -5 repr e s e nts the o ut- of-pha s eintera ction betw e e nH
2α
a nd C之
ato m s;1s orbitalof H
2α isinte r a cting with oppo site pha s e of2s o rbitalof C
2
ato min
PIO-5(loth r o win Table 5･5)I T hey re s ultin the a ctiv atio n of C
l
- ol a nd C
2
- =
2α
bo nds
,
a ndelongatio n ofthe bo ndle ngths(Table 5･3), altho ugh s u ch inte r actio n s ar e
ha rdly vis u aliz ed betw e e n0
3
a nd C
3
pr obablybe c aus e ofthelo ngdista n c e of0
3
- ce3
,
which c a u s esin effe ctiv e o v erlap ofthe o rbitalsbetw e e nO
3
and Ce3 ato m s･ In-phase
inter actio nbetw e e nH
2α
andCe
2is c o nfir m edinPlo-6, which indic ate sthat1,3-BDOis
c o o rdinatedthr o ughtheintera ctio nbetw e e nH
2α
a nd Ce
2
ato m s･ Judgingfr o mthe
c o unte r m ap of Plo
-6(Fig. 5･12i), it m ay be c o n side r edthat Plo -6 r epr e s e nts the
o uトof-inte ra ctio nbetw e e nH
2α
a nd C2. Ho w e ver, PIO-6 w o uldn ot r eprese nt the
a ctiv atio n ofH
2α
- c2bo nd be c a u s els o rbitalof H
2α
inte racts withthe s a m ephase of 2s
. rbitala nd withoppo sitepha se of2px o rbitalof C
2
ato m(12thr o win Table5･5)･ T he
dir ectio n of 2px o rbital of C
2
ato mis v e rtic alto that of H
2Q
- c
2 bo nd･ T hu s, Plo-6
r epr esents o nlythein
-pha seinte r a ctio nbetw e e nH
2α
a ndCe
2
･
In additionto(Ce,03 6H2 6)
12-
, othe rCeO2 Clu sters, such a sCe9018 a nd Ce2 0 40,
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withthe charge oト2 ar ebuiltfr o mStr u ctu re2to co nfir mthe v alidity ofthe clu ster
e mployed fo rthe s erie s of Plo c alc ulatio n s･ The res ults ofthe calc ulatio n a re slightly
diffe r e nt a m o ng the thr e eCeO2 Clu ste rs, whe reas they ar e e ss e ntially the s a m e:
1
,
3-B DO m ole c ule is a n cho red by the intera ction betwe e ntwo oxyge n ato m sin
1
,
3- B D Oa nd Ce c atio n s
,
a nd o uトof･phas einteractio nbetw e e n=
2α
a nd C
2
which is
indu c edbythein-phas einte r a ctio nbetw e nH
2α
and Ce
2
are obs e rv ed. T hus
,
in the
Exte nded Htickelc alc ulatio n
,
it c a nbe s aidthat the cha rge ofthe clusterprobably gi ves
◆
fe w effe ct o nthe r e s ults[44].
5.4.5 Reaction me cha nis m ofl,3-diolsdehydratio n
TheST Yofu n s atur ated alc oholsde c re as ed with de cre asl ngthepa rticle siz e of
CeO2 Whilethe n u mber ofthe o xyge n-defe ct site o n s u rfa c ein cr e as ed. In the abo v e
dis c u ssion
,
it w a s c o n cludedthato xyge n-defe ctsite o nCeO2(111)su rfa甲 W O uld bethe
a ctiv e site ofthedehydr atio n of1,3-B D O. W hilefa c ets othe rtha n(111)e xist o nthe
surfa c e of CeO2 withs m allpa rticle a ndtheyar e n otpr obablya ctiv efo rthedehydr atio n
of 1
,
3- B D O
,
S T Yofu n s atu r ated alc ohols sho uldin cr e a si ng Withde c re asl ngtheparticle
siz e. Prelimin ary, it w aspr opo s ed that the dehydr atio n of 1,3
-diols o v erCeO2
pr o c e eds n ot via the m e cha nis m pr o m oted by a cido rba s ebut via r edo x m e cha nis m
[15-17]. Infa ct, acido rbas e c atlysts ar e n ots uitablefo rthe s ele ctiv edehydr atio n of
1
,3-diols into u n satu r ated alc ohols a s m e ntio n edin Chapter4･ The a cida nd bas e
pr operty of CeO2 W a sin vestigated by N H3- a nd C O2- T P D, r espe ctiv ely, a nd they
r e v e aledthatCeO2ha s v ery w e akba s e site s onits s u rfa c e andthe e xiste n c e ofa cidsite s
w ashardly c o nfir m ed･ He n c e, the rea ction m e cha nis m w a spr opo s ed a sfollo w s
(Sche m e5.1):intheinitiatio n step,P- H ato mis r adic allyelimin atedfr o m1,3-diols a nd
H radic aldo n ates o n e ele ctron to Ce
4'
calio nto redu c eCe
3'
,
a nd Hradicalitselfw as
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o xidiz ed into pr oto n･ ≠ e n, o n e ofthe OH gr o up w as r adic allyelimin ated 加 m diolto
pr odu c e u n s atu r atedalc ohol, a nd Ce
3＋ do nate s o n eele ctr o nto pr oto n o rO Hr adic alto
pr odu c eH20 a nditw a s oxidiz edinto Ce
4＋
･
Her e
,
itis e mphasiz edthatCe
4＋
plays a n
impo rta nt r ol in the c atalysis･ Se v er alr e s e ar che rs obs e Ⅳ ed CeO2(111)su rfa c e with
oxyge かdefe ct by S T M[45,46] and A F M[47,48】･ On the s urfa c ewith high
o xyge n-defe ctc o n c e ntr atio n,theyr epo rtedhatdefe ctarepredomin a ntlyfo r m eda s
以
1ine
defe ct” o r
"
tria ngle defe ct
”
,
a s sho w nin Fig･5･1 8･ The m o st of Ce c atio n s e xpo s edo n
lin edefe ct andtria ngledefe ctsho uld be Ce
3＋
) a ndCe
4＋
w o uld hardlye xist･ The r efo re,
allofthe o xygen -defe ct do n ot a ct a sa ctive site, andthe n u mbe r of Ce
4＋
c atio n s o n
o xyge n-defe ct site ofCeO2(111)su rfa c eisthe key point to c o mpr ehendthe c atlytic
perfo r m a n c e･
Itha sbe e n reportedthat the re a ctio n of 1,3
- B D Oo v e rCeO2 withthe spe cific
s u rfa c e ar e a of 20m
2
g
-1
pretr e ated in H2 Str e a m atPre s cribedr a nged betw e e n100
-90
oc(Table 5.7)[16]. T he c atalytic a ctivity w a s ra ely affe cted uptothe pretre atm ent
te mper atu r e of60 0
o
C, and itgraduallyde cr e a s ed withincre a sl ngthete mper atu r e abo ve
60
o
C. T he T P Rpr ofile of CeO2 Sho w sthetw ope aks;the pe ak belo w600
o
C is
c a u s ed bythe r edu ctio n ofthe surfa c e a ndthat abo v e600
0
cis bulk(Fig･ 5･2)～ The
spe cific su rfa c e a r e a was n ot affe cted up to the r edu ction te mperatu r e of 600
o
C･
He n c e
,
the number ofthe s u rface oxyge ndefe ct sho uldincr e a s ewhile the c atalytic
a ctivity w a s notimpr o v ed pr obably be c a u s e ofthe fo r m a
tio n oflin edefe cts a nd/o r
tria ngle defe cts･ T hepr etr e atm ept athighte mper atur e above 60
oC
, spe cific s u rfa c e
ar ea dr astic allyde cre a s ed within c re as ingthete mpe r atu re, w hich ispartlybe c a u s e of
thede cr e a s einthe c atalytic a ctivity, a ndpartlybeca u s e ofthe o v er
-r edu ctio n of CeO2･
while 1,3-diols ar e dehydr ated into un saturated alc ohols at 325
oC
,
m o n o- alc ohols ar e m ainly dehydr oge n ated e v e n at the r ea ctio nte mper atu r e>40
()c
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o v e rCeO2[16]･ The D F rc alc ulatio n c o n c emingthe ads o rptio n of 1- a nd2-buta n ol
o n o xyge かdefect site of CeO2(111)s u rfa c ew as e x e c utedin orderto e x amin ethe
diffe re n ce in the r e a ctivity betw e e n1,3-diols a nd m o n o- alc ohols. 1,3- Diol a nd
m o n o- alc ohols ads o rb o n o xygen-defe ctsite of CeO2(111)s u rfa c eindiffe re nt m a n n er,
a s sho w nin Fig･ 5･9 a nd ngs･ 5･14a nd 5･1 5, r e spe ctively･ T hr ee Ce c atio n s a re
e xposed at the o xyge ndefctsite(Fig. 5.7). Tw o0ato m sin1,3- BDOinteract withtw o
ce c atio n s a ndβ- H ato m, i.e, H2Q ato min Fig.5.1 2, w e aklyinter a cts with a n othe rCe
c atio n, wher e a s1- a nd 2-buta n olads o rb a sfillingthe o xyge n-defe ctpointa nd〟- H ato m
in butan ols se em e s n ot to intera ct with Ce c atio n･ The diffe re n c ein the ads orptio n
str u ctu rebetw e n 1,3- diol a nd m o n o- alc ohol o n o xyge n-defe ct of CeO2(111)is
probablythe c a u s e ofthediffe re n c einthe re a ctivityo v erCeO2. As m e ntio n ed abov e,
β- H eli min atio n w o uld betheinitiation step ofthedehydr atio n of 1,3- B DO o v e rCeO2,
a ndit w o uldbetr u etointhedehydr ation ofm ono- alc ohols. Ho w e v er,β- H ato min
m o n o-alc ohols do e s n ot inter a ct with s u rfa c e Ce c atio n(Figs. 5.14 a nd 5.15)I
The refo r e
,
thedehydratio n ofm o n o-alc oholshardly pr o c e edo v e rCeO2.
5.5 Co n c且u sio n
T he dehydr atio n of 1,3- B D O into u n s atu r ated alc ohols o v er CeO2 W a s
in v e stigated. The re a ctio n re s ults w e regr atefullyaffe cted bytheparticle siz e of CeO2.
T heST Yof unsatu rated alc oholsin cr e a s ed within cr e a si ngthe particle siz e ofCeO2,
which is be c a u s ethe a ctiv efa cets of(111)bec a m epredomin ate withthe gr o wth of
CeO2 Particle. T he ads o rptio n str u ctu r e of 1,3
- B D Oo n CeO2(111) s u rfa c e w a s
in v estigated with D F Tc alc ulatio n･ 1,3
- B D Opr efer ably ads o rbs on o xyge n-defe ct
site s. It wa s als o c o nfir m edthata ctiv atio n oftw oC- 0 bo nds a ndo n eC- H bo nd inthe
m ethylenegr o up at2･po sitio nin1,3- B D Oafte rthe ads orptio n, whichis c oin cidentwith
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the r e a ctio npr odu cts 加 m 1,3
-bta n ediol o v e rCeO2･ T he n u mber of o xyge n-defe ct
site s o nthe s u rfac e of CeO2 With diぽe re ntparticle siz e w a s e stim ated, a nd islarger o n
the s malle rparticle size･ Ho w eve r, allofthe oxyge n
-defectsdo n ot act as a ctive site of
the sele ctiv edehydr atio n of 1,3
- B D Ointo u nsatu r ated alc ohols･ Oxygen -defe ct sites
ar efわr m ed aslin edefe ct o rtria ngle defe ct in the r egl O n Of bigb o xyge n defe ct
c o nc e ntr atio n, andthe m ost of Ce c atio n se xpos ed o nlin edefe cts or triangle o xyge n
defects ar eCe
3＋
. It is spe c ulated that the dehydr atio n pr o c e ed d via r edo x of
ce
4'
- ce3' - ce
4'
. He nc e, o v e r- edu c ed s u rfa c e with large n u mber of o xyge n
-defe ct
sitesdo e s n ot acta s a ctive site.
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Table51 CeO2 S a mple s u s edinthis studyandtheirphysic alpr opertie s
Tc
a
SA
b D
a Reducibility
d
(%)
(
o
c) (m
2
g
‾1
) (n m) <60
o
C >600
oC Tbtal
500 14
600 74
80 0 42
90 0 23
10 00 13
6.0 (8.0) 21･6
ll.4(10.8) 10･7
20.1(17.4) 4･7
3 6.7(26.8) 2･0
65.0(37.0) 2･5
22.1 43.7
1 7.8 28.5
23.9 28.6
26.5 2 B.5
27.6 30.1
a
Calcinatio nte mpe r ature of CeO2･
b
specific su rfa c e ar e a c alc ulted byB E Tm ethodu slngN2is other m at
-196
o
C･
c
particle siz e of CeO2is c alc ulated byEq.(1), a nd n u mbe rin par e nthe sisindic ates a
pa rticlediam ete r e stim ated bySherr er
'
s equ atio ninthe(111)pe akof Fig･ 5･1･
d ce3＋/(ce
3＋
＋ ce4＋)
94
Table5･2 Catalytic a ctivityinthedehydr atio n of1,3- B D Oat325
o
C.
SA Co n v e rsio na sele ctivity(m ol%)
a,b
(m
2
g
ー1
) (%) 3 B 20 t2 B I Oc2BI O I B O M EK MeO H EtO H AcH 2P OAcMe
141 35.4 37.2 24.7 1.8
74 37.1 47.3 32.6 2.1
42 33.3 53.0 35.0 2.2
23 28
.0 57.6 3 6.9 1.9
13 21
.
2 58.1 37.8 1.9
0.6 3.6 17.5
0.8 1.7 8.9
0.8 1.0 4
.0
0.5 0.0 1
.3
0.2 0.0 0.4
7.1 0.3 0.8 4,2
3.7 0.0 0.0 1.6
2.3 0.2 0.0 1.0
1.1 0.0 0.2 0.1
1.0 0.0 0.0 0.5
a
Av e r age a ctivityintheinitial 5h･ W!F = 0･05ghc m
･3
.
b
3 B 2 0
,
3-buten-2- ol; t2 B I O, trams-2-bute n心 ol; c2 BIO, Gis-2-bute n-1- ol; 1 BO,
1-buta n ol;M EK, buta n one;MeO H, m etha n ol;EtOH, etha n ol;AcH,
･
ac etaldehyde;2P O,
2-pr opa n ol;AcMe, pr opa n o n e‥
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Table5.3 Str u ctu r epar a m eter sforfr e e a ndadsorbed1,3
-B D Om ole c uletogethe r with
thebo ndle ngthof 0
1
- ce, o
3
- ce a nd H
2a
- ce
a
･
bond le ngth
b
/A
fre e Str u ctu r e1 Str u cture2 Str u ctu re3
c
l
_ Ⅲ1α 1.114 1.106
cl- Hl
乃
1.103 1.11 7
cl_ o1 1.401 1.400
c2_ H2α 1.1 04
c
2
_ H
2瓜
1.103
c3_ H
3
1.105
c
3
_ o
3
1.434
c4_ H4α 1.1 00
c
4
_ H
4 B
1.1 00
c
4
_ H
4† 1.1 03
o
1
_ H
O l o.986
o
3
_ H
O3 o.973
o
1
_ ce
l
o
3
_ ce3
1.117
1.104
1.10 8
1.4 24
1.100
1.101
1.102
1.202
0.977
2.496
2.641
H
2α
_ ce
2 3.2 79
1.104 1.107
1.104 1.1 07
1.418 1.425
1.113
1.101
1.109
1.451
1.102
1.102
1.102
0.986
0.984
1.102
1.1 04
1.109
1.418
1.102
1.1 00
1.102
1.037
1.510
2.565 2.481
2.673 2.378
2.5 00 3.194
aT he n o m e n clatu r e ofea ch ato misthe s a m e as sho w nin Fig. 5.10.
b
under-lin ed n u mber s me anlarge cha ngeinthebo nd le ngthafter ads orptio n･
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Table5･4 A ds o rptio n e n ergle SOf1- , 2･buta n ola nd 1,3- B O Oo n o xyge n-dete cted a nd
stoicbio m etric CeO2(111)su rfa c e
a
.
A ds o rbate o xygen-defe ctsite stoichio m etric s urfa c e
1-buta n o1
2-buta nol
1
,3-B D O
-80.1 _64.5
-4 6.6 -66.2
-98.8, -102.7 -82.7
a
T he u nitofe n ergyiskJm or
l
･
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Table5･6 CeO2S a mple sus ed inthis studyandtheirphysic alproperties
SA D n
a
Fb N300
C
N598
d
NE
E
C f
(m
2
g
- 1
) (n m) (c m
･3
) (c m
-3
) (n m
-2
) (%)
141 6･0 1 2 0･227 1,3×1 020 2.5×10
21
o.57 7.2
74 11･4 22 0.13 0 1.8×1 019 9.4×10
20
o.23 2.9
42 20･1 3 8 0･ 768 1.7×10
18
2.9×10
2O
o.o74 0.94
23 36･7 69 0.O432 5.0×io17 1.6×1 020 o.o42 0.53
13 65･0 1 21 0･0246 2.9×101
7
1.2×1 02 0 o.o32 0.41
a
Nu mbe r ofoxyge n ato m s c onsistingthepa rticle withtheD is calc ulated byEq･(5).
bFra ctio n ofs u rfa c e o xyge n ato m sis c alc ulated byEq･(4).
c
Co n c e ntr atio n ofo xyge ndefe ctat27
Oc is citedfr o mRef.[34].
d
co n c e ntr atio nofo xyge ndefe ctat325
o
C is c alc ulated byEq.(2
,
).
eSu rfa c eden sityofo xyge ndefe ctsites at325
o
C is c alc ulated byEq.(3).
f
pe r c e ntage e xpr es sio n of s u rfa c e o xyge n defe cts is e stim ated by u si ng that the
●
c o n c e ntr atio n ofo utm o sto xyge n of7･9n m
-2
, which is cited fr o mRef.[48].
99
Table 5.7 EfEe ct of H2Pr etr eatm e nt Of CeO2 0 nthe c atalytic r e a ctio n of 1,3- B D Oat
325
o
C
a
,
b
, c
Pr etreatm e nt Co n v e rsio n Sele ctivity(m ol%) S A
(
o
c) (%) 3-bute n-1- ol tr a ns 12-bute n-1- o1 (m
2
g
-1
)
1 00 61.6 5 6.1
250 60.0 56.2
325 60.3 56.2
500 5 9.4 56.1
600 57.5 54.5
70 41.0 53.9
800 29.6 52.3
900 10.8 51.8
35.6 20.4
34.9
3 4.9
35.4 20.3
35.3 18.4
36.7 9.0
36.4 2.3
35.2 2.1
a
Re a ctio n r e s ults ar e cited byRef.[1 6].
b T he sample s ar epr etr e ated unde rH2 flo w of 73 m m ol h
-1 fo r1 hatpre s cri bed
temper atu r e･
c Re a ctio n w as c ar ried o ut u nde rfollowl ng c o nditio n s: c atalyst w eight:0･3 g, r e a cta nt
fe edr ate:2.01c m
3
h
-1
,
c a rrierga s :N2(flow r ate73 m m olh
-1
).
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Fig･5･4 TE M im age of CeO2C alcin edat1000
o
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Fig. 5.9 An adsorptl O n Of I,3-butan ediol o n o xygen -defe ct site of
CeO2(111)surfa c e optimiz ed by D F Tcalc ulatio n(Str u ctu re 2). (a)top
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&o nt vie w･ hl the side vie w
, a lstlaye r0 ato m a s sighn ed a sX hFig.
5.7 w a s rem o v ed.
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Fig. 5.1 2 Co unter m aps of PIO l16. (a)Plo-1,(b)PIO 12,(c)PIO -3,
(d)Plo-4,(e)PIO-5,(i)Plo-6,(g)Plo-3,(h)PIO 15,(i)PIO16. (a-i)a r e
theim age sfr o mthe vie w ofthe c ut- o utplaJle(I)in Fig. 5.lla,(g)&o m
(1I), a nd(h.i)fr o m(Ill).
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Fig. 5.13 Anads o rptio n of 1,3-but弧 ediol o n stoichio m etric CeO2(111)
stJrface optimized by D F Tc alc ulatio n(stru ctu r e3). (a)top vie w, 仲)side
vie w,(c)丘o ntvie w.
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Fig･ 5･14 Adso rptl O r) Stn l Cture Of 1
-buta n ol o n o xy gen -defe ct site of
ceo2(111)s urfTa c e. (a)top vie w,(b)side vie w･ h the side view, a lらt
layer 0 ato m a ssighneda sX in Fig･ 5･7 w a s r e mov ed･
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Fig･ 5･15 A ds o rpt10 n Stru ctu re Of 2
-buta n ol on oxygen -defe ct site of
ceo2(Ill)s u rfa c e. (a)top view ,(b)side view ･ h the side vie w, alst
layer0 ato m as sighn ed asX inFig･ 5･7 w as r e m o v ed･
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Fig･ 5,16 M odel of CeO2 Particle for the e stim atio n of
fra ctio n of s u rfa c e o xy ge n atom . (a) Pe rspe ctiv e view , (b)
c r o s s- sectio nim age of CeO2 Pa rticle along <10 0> dir e ctio n･
Bals e xpr e s s o xyge n anion s, and c e riu m c atio n s a re n otdr a wn
Fig･ 5･17 Im age s of the change illthe m o rphわlog yofCeO2
pa rticle wi thin cre asl ngtheparticle size, D ･
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The pre sent the sis has des cribedthe studies on the utiliz atio n of1,3- and
1
,4-buta nediol(B D O)･ Fourdiffere ntre a ctio n s of buta n ediols werein v e stigated and 丑
propo sedthat they are pr o m lSngChemicalr es ou rc e sforthe valuablepr odu cts･
In C hapter2, the dehydr oge natio nof 1,4- B D O into†-butyr olacton e(G B L)w as
investigated over Cu-ba sed c atalysts with m etaトo xide additive s such as ZnO, ZrO2 and
A1203･ The addito n of A 1203 e nla rgedthe spe cific a nd Cu s urfa ce a re a, where asthe
c atalytic activityof Cu-A l203 W asnothigh･ The cyclic dehydr ation of 1,4-B D O inをo
tetr ahydrofu r an(T H F)proc e eded o v er Cu - Al203 du eto high a cidity of Al203. ZrO2
dr a stic allye nha n c ed catalyticperform a n c e while ZnO ha rdlyaffe cted it･ T he reaction
pathw ay w as c o n cluded a sfollo w s:initially, 1,4- BDO w a sdehydr oge n ated into
4-hydr o xybutanal, which w a s rapidly tr ansfor med into 2-hydro xytetrahydrofuran
(2 H T H F)･ 2H T H Fw as fu rtherdehydr oge n atedto pr odu c eG B L. It w a s c o n cluded
that the activ e c e nter of dehydr ogenatio nis m etallic Cu .
In Chapter 3, effectiv e c atlystsfor the dehydratio n of 4-hydroxy-2-buta none
(H B), which c a nbe obtained via dehydr oge n ation of 1,3- B O O, into 3-bute n-2- one
(M V K)w ereinv e stigated. It w a sfoundthat a n atas e- Ti O2, Which hadquite w e ak acid
site s
,
e xhibited go od pe汝)r m anc e. T he c atalysts with stro ng acidsite s s u ch a s
SiO2- A1203, A1203, a nd f utile- TiO2 Were rapidly dea ctiv ated due to the depo sitio n of
c arbon spe cie s･ The re a ctio nte mper ature at 160
o
C w a s optim al: the te mpe rature s
belo w and abo v e1 60oC induc edthede a ctivation becau s e ofthepo IS O nlng Ofpr odu c ed
M V Kanddepo sition ofcarbon spe cies, re spe ctively.
Ⅰn C hapte r4, the e x a min atio n ofthe r e a ctio n of 1,3-B D Oo v e rfo u r c atalysts
with differ e nta cid-ba s epr ope rty w asde s cribed･ The c atalytic a ctivity w a s affe cted by
119
the a cidity ofthe catalysts･ T he pr oducts distributio n w a squite di 批r e nt o v erthe
catalysts･ Ov e rSi O2
- Al203' 1'3- B D Ow aspreferablydehydrated into3
-bute n-1- ola nd
it was con s e c utiv ely dehydr ated into 1,3-butadie n e･ Al203 Catalyz ed 1,3
-B D Ointo
4- m ethyl-1,3-dio xa n e, which w a s a cetal co mpo u nd of 1,3
- B D Owith for maldehyde･
ov erTiO2 a nd ZrO2, Produ ct distributio n w a squite c omplic ated be c atlS e Of s e v e ral
r e a ctio n s su ch a s dehydr atio n, dehydr oge n atio n, hydr oge n atio n and de c o mpo sitio n
pr o c e ed d･ The u n s atur ated alc ohols w e refo r med ove r a cid
-bas e c atlysts, but n ot
s electiv ely.
In C hapte r5, the rea ctio n of 1,3
- B D Oo v erCeO2, the a ctiv e site, andthe
r eactio n me chanis m of 1,3-B D O dehydratio ninto u n s atur ated alc ohols ov erCeO2 W er e
in v e stigated. Judgingfr o mthe r e a ctio n r e s ults,it w as spe c ulatedthatpla n e(111)was
a n a ctive s u rfa ce fo rthe dehydr atio n･ Sequ e ntially, the ads o rptio n of 1)3
- B D Oo n
(111) surfa c e with/witho ut a n o xygen -defe ct w asin v estigated with c omputatio n al
te chnique. 1,3- B D Ow aspr efe r ablyads o rbed o nthe o xyge n
-defe ctsite of CeO2(111)
anditw a s c o n血m edthat the elo ngation of C
2
- =2α
,
cl- ol a nd C
3
- o
3boldsin1,3- B DO,
whichcorr e spo ndtothe a ctiv atedpa rtin actual dehydr atio n of 1,3
- B D O･ Tbe r efbr e,it
w as c o n cludedthato xyge n-defe ctsite of CeO2(111)s u rfa c e w a sthe a ctive o n e, a ndthat
the r e a ctio npr o c e ed d follo w i ng m e cha nis m :initially' H
2α
w a s radic ally abstracted by
ce
4＋
c atio n. Ⅲ r adic al do n ated on e electr o nto r edu c eCe
4＋
lo Ce
3十
andthe 冗 r adic al
itselfw as o xidizedtopr oto n･ T he n, o n e ofthe OH gr o ups was abstractedr adicallyto
fo r m u n s atu r ated alcohols, a ndthe O Hradic al a ndpr oton c o mbin edto pr odu c eH20
witha c c eptingo n e el ctr o n加 m Ce
3＋
,
a ndCe3十 w as o xidiz ed into Ce
4＋
･
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